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ABSTRACT 


In previous studies asieviel of compounds was shown to cause por- 
phyrin accumulation in isolated chick embryo liver cells and in the 17 day 
old chick embryo liver, but not in mice. To ascertain whether the above 
observations were due to species or developmental differences the activity 
Of the above series of drugs was investigated in 9 to 7 week old chickens, 
The fact that this series of compounds was found to be active in the adult 
chicken demonstrates a species difference in response to porphyria-inducing 
drugs. Male and female chickens were found to respond in a similar fashion 
to porphyria-induction by 3,9-diethoxycarbonyl -1,4-dihydro-2,4,6-trimeth- 
ylpyridine (DDC). 

In previous experiments it has been shown that the levels of hepatic 
6-aminolevulinic acid synthetase (ALA-synthetase) are high in rabbit, rat 
and guinea pig embryos but that they rapidly assumed lower adult levels at 
the time of birth or shortly thereafter. In contrast we have shown that 
the level of hepatic ALA-synthetase in 17 day old chick embryos was only 
one third that of adult chickens. Levels in newborn chickens were found 
to be intermediate between adult and embryonic levels. It has been reported 
that newborn rats and rabbits are refractory to induction by porphyria- 
inducing drugs. In contrast we have shown that ALA-synthetase could be 
readily induced in newborn chickens. 

It has been postulated that drug-induced experimental porphyria 
results from derepression of ALA-synthetase, which in turn leads to por- 
phyrin and heme formation. The heme is thought to be utilized for the 
prosthetic group of cytochrome P-450 leading to an increased level of drug- 
oxidizing activity. The object of our next series of experiments was to 


test this hypothesis. The presence of drug-oxidizing activity in chick 
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embryo liver was demonstrated as early as the 11th day of development. 

This was in accord with the above hypothesis since chick embryo liver cells 
are responsive to porphyria-inducing drugs at this Stage of development. 

It was shown that the drug-oxidizing activity of liver could be increased 
in 17 day old embryos by pretreatment with phenobarbital and the porphyria- 
inducing drug, allylisopropylacetamide (AIA). These facts were also in 
agreement with the above hypothesis. In further experiments designed to 
test the above hypothesis a positive correlation was Sought between the 
porphyria-inducing activity of several DDC analogues and their ability to 
increase drug-oxidizing activity in the liver. Contrary to what was anti- 
cipated the administration of DDC and several of its analogues resulted 

in decreased drug-oxidizing activity. It is thus clear that the sequence 
of events postulated to occur in response to porphyria-inducing drugs does 
not apply to these compounds. 

In our next series of experiments we investigated the idea that a 
decrease in drug-oxidizing activity might be linked to the induction of 
experimental porphyria in the following manner: Porphyria-inducing drugs 
cause the breakdown of the heme moiety of cytochrome P-450 leading to de- 
creased levels of this cytochrome, decreased drug-oxidizing activity and 
to derepression of ALA-synthetase. We demonstrated that a decrease in 
drug-oxidizing activity prior to ALA-synthetase induction was not paralleled 
by a fall in cytochrome P-450. Consequently the above hypothesis was not 
‘Supported by our experiments . Neither AIA nor DDC inhibited drug-oxidizing 
activity by inhibiting the generation or oxidation of reduced nicotinamide 
adenine dinucleotide phosphate (NADPH), and hence the flow of electrons to 
cytochrome P-450. 


Following DDC administration a moderate rise in ALA-synthetase 
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activity was accompanied by high hepatic porphyrin levels. On the other 
hand AIA and 5g-pregnan-3a-17a-diol 11,20-dione produced higher ALA- 
synthetase levels accompanied by considerably lower hepatic porphyrin 
levels. Thus hepatic porphyrin levels provide a poor index of ALA-synthe- 
tase activity and cannot be used as an index of the activity of this enzyme 


in the chick embryo liver as has hitherto been assumed. 
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CHAPTER I GENERAL INTRODUCTION 


a 


Pony, IX trig. 3). 









sted $i 
at 


Ma 





rom b 





os : oa 
- mye oe 
: . a * vad ” } 
Ta 5 - 





Jvick 


A. Structure and Nomenclature of Porphyrins 


Porphyrins are cyclic compounds composed of four pyrrole rings 
linked together by methylene bridges. From a biological standpoint, one 
of the most important chemical properties of the porphyrins is their 
ability to complex with metal ions. The complexes of iron with porphyr- 
ins are known as hemes, while the chlorophylls are magnesium-tetrapyrrole 
complexes. The numbering of the porphyrin ring system is illustrated in 
Fig. 1 with the simplest porphyrin, viz., porphin. Uroporphyrin is a 
porphyrin with acetic and propionic acid side chains on each of the four 
pyrrole rings, (Fig. 2). Since there are four different ways in which 
these two side chains can be arranged so that each ring contains an 
acetic and a propionic acid group, there are four possible isomers of 
uroporphyrin (Fig. 2). Only two of these four possible isomers have been 
found in nature viz., type I and type III (Fig. 2). The type I isomer 
has a symmetrical arrangement of substituents about the tetrapyrrole nuc- 
leus, while the order of the substituents is reversed on ring D for the 
type III porphyrin (Fig. 2). When the acetic acid substituents are re- 
placed by methyl substituents coproporphyrin is obtained. Of the four 
possible isomers only types I and III occur naturally. Protoporphyrin 
has vinyl, propionic and methyl side chains, and of a possible fifteen 
isomeric forms only one isomer, protoporphyrin IX (Fig. 3), has been iso- 
lated from biological materials (Lascelles, 1964). Under appropriate 
reducing conditions porphyrins may be converted to porphyrinogens by the 
addition of six hydrogen atoms. Porphyrinogens occur naturally as inter- 


mediates in the biosynthesis of heme. 
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Fig. 1. Structure of Porphin, Showing Numbering of the Porphyrin 


Ring Structure. 
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Fig. 2. Structures of the Four Isomers of Uroporphyrin. 








Fig. 3. Structure of Protoporphyrin IX. 
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B. Biosynthesis of Heme 


Studies from the laboratories of Shemin and of Neuberger demon- 
strated that glycine and succinate contributed all the carbon and nitro- 
gen atoms of the heme moiety of hemoglobin. Moreover, Shemin and his co- 
workers were able to show the position of each of the carbon atoms of 
these substrates in the protoporphyrin IX molecule (Shemin, 1956). On 
the basis of these and other studies (Rimington, 1959; Granick & Mauzerall, 
1960) the intermediate steps in the biosynthesis of protoheme were un- 
ravelled and are described below. 

The initial step in the porphyrin biosynthetic pathway is the 
condensation of glycine and succinyl CoA to yield s6-aminolevulinic acid 
(ALA; Fig. 4). The enzyme which promotes this condensation is known as 
ALA-synthetase, and is found in the mitochrondrial matrix of cells of 
higher organisms (McKay et al., 1969; Zuyderhoudt et al., 1969). In 
liver mitochondria succinyl-CoA arises mainly through the oxidation of 
a-ketoglutarate and to a small extent from succinate via a succinyl-CoA 
synthetase (Granick & Urata, 1963). The condensation of succinyl-CoA 
and glycine requires pyridoxal phosphate as a co-factor (Lascelles, 1957; 
Schulman & Richert, 1957). Kikuchi et al. (1958) and Neuberger (1961) 
have proposed similar mechanisms whereby pyridoxal phosphate forms a 
carbanion with glycine, and the carbanion then reacts with succinyl-CoA 
to produce a-amino-g-oxoadipic acid. a-amino-8-oxoadipic acid decar- 
boxylates virtually instantaneously in neutral solution to give ALA and 
CO, (Fig. 4; Laver et al., 1959). For this reason it cannot be isolated 


from a biological system nor can it be tested as a possible intermediate. 


ALA-dehydratase catalyzes the condensation of two molecules of ALA 
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Fig. 4. Heme Biosynthesis: Suggested Mechanism of Formation 


of Aminolevulinic Acid (ALA). 


Hen) 
a 
Hgg) 
Mii Sang 
; 4 


fs 
a7) j 
oe | 
> 
54 
8 





to yield the monopyrrole, porphobilinogen (PBG; Fig. 5). This enzyme is 
found in the cytoplasm of the cell, and its activity is markedly inhibited 
by EDTA (Gibson et al., 1955). In the mechanisms proposed by Shemin 
(1968; Fig. 5) one molecule of ALA forms a Schiff base with the enzyme 
resulting in the formation of a stabilized carbanion. This carbanion 

then combines with the carbonyl carbon atom of a second molecule of ALA 

by a nucleophilic mechanism. Recently ALA-dehydratase has been isolated 
from beef liver (Wilson & Dowdle, 1971) and the photosynthetic bacterium 
Rhodopseudomonas spheroides (van Heyningen, 1971). The beef liver enzyme 
is zinc dependent, and is inhibited by lead or cadmium. 

The conversion of four molecules of PBG to the tetrapyrrole uro- 
porphyrinogen III is also accomplished in the cytoplasm of the cell (Fig. 
6). Bogorad (1958 a, b) separated two enzymes from plant sources which 
were necessary for this conversion. One of these enzymes, uroporphyrino- 
gen I synthetase, converted PBG into uroporphyrinogen I. The second 
enzyme, uroporphyrinogen III cosynthetase, had no capacity for catalyzing 
PBG consumption when incubated alone with this substrate. However when 
uroporphyrinogen III cosynthetase was incubated together with uroporphy- 
rinogen I synthetase and PBG, uroporphyrinogen III rather than I was 
formed. 

Coproporphyrinogen III is formed in the cytoplasm (Fig. 6) by the 
decarboxylation of the four acetic acid side chains of uroporphyrinogen 
III (Mauzerall & Granick, 1958). An enzyme which brings about this de- 
carboxylation has recently been isolated from chicken erythrocytes (Tomio 
et al., 1970). The purified enzyme was heat labile, and its activity was 


enhanced by EDTA. 
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The enzymes necessary for the final steps in the biosynthetic 
pathway viz., the conversion of coproporphyrinogen III to heme, are found 
in the mitochondria. The conversion of coproporphyrinogen III to proto- 
porphyrin IX (Fig. 7) involves the decarboxylation of two propionic acid 
Side chains to vinyl groups (positions 2 & 4), and the oxidative removal 
of six hydrogen atoms from protoporphyrinogen. Coproporphyrinogen III is 
an excellent substrate for coproporphyrinogen oxidase. The type I isomer, 
on the other hand will not serve as a substrate (Sano & Granick, 1961). 
The insertion of iron into protoporphyrin to form heme (Fig. 7) is medi- 
ated by the enzyme ferrochelatase. This enzyme requires a reducing 
environment for activity (Labbe & Hubbard, 1960), and is associated with 


the inner mitochondrial membrane (McKay et al., 1969). 


C. Distribution of Heme 


Hemes are widely distributed throughout the animal and plant king- 


doms and play a crucial role in cell metabolism. 


1. Hemoglobin and Myoglobin 


In vertebrate tissue hemoglobin is present in far greater 
quantities than other hemoproteins. For example, in man, on a weight 
basis the hemoglobin : myoglobin ; cytochrome c ratio is 1169 : 41: 1 
(Drabkin, 1951). Hemoglobin and myoglobin, which contain protoheme as 
prosthetic groups, ernatieh as oxygen carriers because of their ability 
to combine reversibly with oxygen. The iron must be maintained in the 


ferrous form for activity. 


ii. Cytochromes 


The cytochromes are the most widely distributed of the hemo- 
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proteins (Lascelles, 1964). The precise function of a number of the cyto- 
chromes is still unknown, but they all appear to act as electron carriers 
by virtue of a reversible valency change of their heme iron. The cyto- 
chromes may be divided into three classes according to the structure of 
the heme group and its attachment to the apoprotein. 
1. Cytochromes a. Cytochromes with a formyl side chain in 
the heme group. 
2. Cytochromes b. Cytochromes with a protoheme group. 
3. Cytochromes c. Cytochromes in which the protoheme 
group is covalently linked to the protein. 

Cytochromes are identified by numerical subscripts attached to the 
class letter, for example cytochrome De The b indicates that it has 
protoheme as its prosthetic group, and the 5 indicates the chronological 
order of its discovery in its class. Liver and heart are particularly 


rich sources of cytochromes (Drabkin, 1951). 


iii. Catalase and Peroxidase 
The catalases and peroxidases are enzymes which contain 
ferriheme as their prosthetic groups. Catalases are found chiefly in 
kidney, liver and erythrocytes. Catalase decomposes hydrogen peroxide 
as follows: 


2H,0, 


+ Feu Oite0, 

Though peroxidase is mainly a plant enzyme, its presence has been demon- 
strated in thyroid and salivary tissue of the rat (Alexander, 1960). 
Peroxidases catalyze the oxidation of various substrates by hydrogen per- 


oxide as follows: 
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iv. Tryptophan Pyrrolase 
Tryptophan pyrrolase is a liver ferroheme which catalyzes the 
oxidation of L-tryptophan to formylkynurenine (Tanaka & Knox, 1959). The 


reaction involves direct oxygenation of tryptophan with molecular oxygen. 


D. Human Porphyrias 


The porphyrias constitute a group of diseases, mainly hereditary 
in origin, in which vastly increased quantities of porphyrins and/or por- 
phyrin precursors are produced. Even though the porphyrias are rare dis- 
orders, they have been extensively studied. The isolation and identifi- 
cation of porphyrins and precursors from patients with these diseases has 
contributed significantly to our understanding of the normal pathway of 
porphyrin metabolism and its control. In addition the porphyrias have 
recently assumed historical significance. Recent re-evaluation of the 
medical history of George III of England reveals that the King's "madness" 
was probably the result of porphyria (Macalpine & Hunter, 1966). Ina 
follow up investigation, Macalpine et al. (1968) traced the disease back 
to Mary Queen of Scots and her son, James I of England. Among the decen- 
dants of James the I, the following were probably porphyrics: Queen Ann, 
King George III, King George IV, Fredrick William I (Prussia), and Fredrick 
the Great (Prussia). The diagnosis of porphyria was supported by the 
finding of porphyria in two living descendants of the family. 

Early classification of the porphyrias depended almost entirely on 
clinical features. Schmid et al. (1954) suggested that the porphyrias 
should be divided into 2 main groups: (i) hepatic, in which the liver is 


the principal site of abnormal porphyrin formation, and (ii) erythropoietic, 
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in which excessive porphyrin formation occurs in the developing red blood 
cells of the bone marrow. The hepatic porphyrias are in turn divided into 
3 major sub-groups and the erythropoietic porphyrias into 2 sub-groups 


(Tschudy, 1965). These will be discussed below. 


1. Hepatic Porphyrias 
Acute intermittent porphyria (Swedish Type, AIP) is character- 


ized chemically by the excretion of excessive amounts of the porphyrin 
precursors, PBG and ALA in the urine during acute attacks. PBG is also 
frequently demonstrable in the urine during periods of remission. The 
clinical symptoms (abdominal pain, vomiting, constipation, paralysis, 
mental aberrations) have been explained on the basis of demyelination, 
which occurs in the peripheral and central nervous systems (Goldberg, 
1959). Photosensitivity, which is common in other forms of porphyria 

does not occur in acute intermittent porphyria. This is not surprising 

in view of the fact that porphyrins which are the photosensitizing agents 
in other forms are not overproduced in AIP. The administration of bar- 
biturates and other drugs frequently cause the onset of acute attacks in 
those genetically disposed to the porphyrias. The attacks precipitated 

by drugs are reported to be more severe than those arising in the absence 
of drug administration (Goldberg, 1959). Other known precipitating fac- 
tors are infections, menstruation and pregnancy. The possibility that a 
steroid or steroid metabolite may be associated with the acute attack has 
been considered. The mode of hereditary transmission of acute intermittent 
porphyria is as an autosomal dominant. The disease is found more frequent- 
ly in females than males due possibly to secondary precipitating factors 


(Goldberg & Rimington, 1962). 
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Variegate porphyria (mixed porphyria, South African porphyria) is 
inherited as a Mendelian dominant characteristic and is not sex-linked. 
The disease may manifest itself either in acute attacks similar to those 
observed in acute intermittent porphyria, or in chronic cutaneous lesions 
which are aggravated by sunlight, or in both. Cutaneous manifestations 
are usually more pronounced in men while acute attacks are more common in 
women (Dean & Barnes, 1955). As in acute intermittent porphyria, ALA and 
PBG are excreted in the urine during acute attacks. In variegate por- 
phyria, in contrast to acute intermittent porphyria, fecal porphyrin 
excretion is always elevated, both during acute attacks and during remis- 
sion. Sufferers from variegate porphyria are also sensitive to the 
aggravating effects of barbiturates and other drugs (Goldberg & Rimington, 
1962). 

Hereditary coproporphyria is transmitted as an autosomal dominant 
characteristic. Acute attacks of this disease are similar to those of 
acute intermittent porphyria and photosensitivity has also been reported 
(Goldberg et al., 1967). 

Symptomatic porphyrias consist of a group of porphyrias in which 
no hereditary link has been established. Symptomatic porphyrias are 
characterized chemically by marked increase in urinary porphyrin excretion 
while fecal porphyrin is normal or only slightly elevated. ALA and PBG 
are not usually excreted in increased amounts. An acquired form of por- 
phyria Facabeeh described in southeastern Turkey (Schmid, 1960). Many 
people in the affected region were consuming seed wheat treated with the 
fungicide, hexachlorobenzene, which was shown in animal experiments to be 


a potent porphyria-inducing agent (Ockner & Schmid, 1961). 
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ii. Erythropoietic Porphyrias 

Congenital erythropoietic porphyria is characterized by marked 
photosensitivity and increased excretion of uro- and copro- porphyrins, 
predominantly of the abnormal type I isomer. It is a rare recessive 
disease which occurs with equal frequency in both sexes (Goldberg & Rim- 
ington, 1962). 

Erythropoietic protoporphyria is characterized clinically by 
mild photosensitivity and chemically by increases in protoporphyrin levels 
in erythrocytes, plasma and feces. There may be a disturbance of porphyrin 
metabolism of the liver as well as the reticulocytes in this disease 


(Tschudy 1965). 


E. Experimental Porphyria 


i. Porphyria-Inducing Compounds 

It is well established that attacks of acute porphyria are 
frequently associated with drug administration. The phenomenon was first 
reported by Stokvis (1889) who associated the tas of sulphonal (dimethy1- 
sulphone-dimethyImethane) with the acute attack. Subsequent administration 
of this drug to rabbits and dogs resulted in disordered porphyrin metabol- 
ism (Stokvis, 1895). These disorders of porphyrin metabolism produced in 
experimental animals without the genetic defect are referred to as experi- 
mental porphyrias. | 

The report of a fatal porphyria in a patient treated with 
large amounts of the hypnotic drug Sedormid (Fig. 8; Duesberg, 1932) led 
Schmid and Schwartz (1952) to administer this drug to normal rabbits. 


This resulted in the accumulation of porphyrins and PBG in the livers of 


Lf 


















set quitqyod atta jeimonittyg 

Linen vd haet iad 7+ stavdeoy SE atoqorns vite fh TRAY 
slayer as bro! ~o7 + no sap ke Uses al Pr. Dh vs tuit Fanmgaz ong, 

oy OR f Ji |. womael Peay Temiondas eit a5 nt gS 


’ | mh (euos hy Sa0es0 Horie 
; i ~ 4 i. i, { ; “ry cieie Tony rio ‘uae! ewe fe. 4 


won? vd wit sSemeite bie ywitvid fase 


o/b odequm event Veasay bas winent y ¢ «zany 
dl ‘isi ent 26 flow se ~SvEL. Std. Pema 


(RRE ees 


toy tw > Pesinee 
b — r Per 
ohmimadios tr (*Sulul -sqivReigt - pt 


noise 2incinb& pusbd at rwe- bai eieoaze vf) Mi 


bataronets odw (OBER) 2) agore yc Danse 
Misond2 mH Zhou 6398 SJakase sh Ty ( nrL yg bent al 
- 7 “ 
<1pehten Alyegy Y boyTure gio bis, mn oF qe Bry 


mt pau nd rit PE) nh revere, Te a =s8dT ‘Ate ee: 
a os. wis ioateh ao aif Site pti 
eect. - ey a 





- = 
-_ 
= 7 


* 


CHe = CHCHe 


CHCONHCONH2 
(CH3)2CH 
Sedormid 
CH2 = CHCHs 
CHCONH> 
(CH3) 2CH 


Allylisopropylacetamide (AIA) 


H ,CH3 


ie 


N 
H 


Hs5C200C COOC2Hs 


H 3C CHs 


3,5-Diethoxycarbonyl - 1,4-dihydro-2,4,6-trimetnyl pyridine 
(DDC) 


Fig. 8. Structures of Sedormid; Allylisopropyacetamide (AIA) 3 
and 3,5Diethoxycarbonyl-1,4-dihydro-2,4,6-trimethy1- 
pyridine (DDC). 
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these animals, while the porphyrin content of erythrocytes and bone marrow 
was normal. Sedormid thus produced a condition which seemed promising as 
a model of the disturbance of porphyrin metabolism observed in human 
hepatic porphyria. However Sedormid produced a marked hypnotic effect in 
addition to the disturbance in porphyrin metabolism. For this reason 
allylisopropylacetamide (AIA; Fig. 8), a closely related compound which 
possesses the same potency as Sedormid for producing porphyria in experi- 
mental animals, but is almost devoid of hypnotic properties, has displaced 
Sedormid as a porphyria-inducing drug (Goldberg & Rimington, 1955). 

Solomon and Figge (1959) fed 3,5-diethoxycarbonyl-1,4-dihydro-2,4, 
6-trimethylpyridine (DDC; Fig. 8) to mice in an attempt to stain the mucus 
of the forestomach and noticed that the livers and gall bladders fluoresced 
red when examined under ultraviolet light. The fluorescence could not be 
attributed to DDC, which appears as a blue fluorescent substance under 
ultraviolet light. Solomon and Figge showed that the red fluorescence 
was due to the accumulation of porphyrins. DDC like AIA has subsequently 
been used extensively to study porphyrin meaner in experimental animals. 

Granick (1963) described a simple and elegant procedure for demon- 
strating porphyria-inducing activity of chemicals. Chemicals were added 
to cultures of chick embryo liver cells, and the porphyrins formed observed 
under a fluorescence microscope. Among the numerous compounds (Granick, 
1964, 1965, 1966) which he found to be active by this procedure were sex 
steroids. Because of the physiological origin of the steroids and their 
possible relationship to the pathogenesis of hepatic porphyria in man, a 
more detailed screening of steroids was carried out. After screening over 
120 steroids in cell culture, a group of naturally occurring steroid met- 


abolites was found to have a very high degree of activity (Granick & 
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Kappas, 1967). All of the active steroids were found to have in common 
the 58-H configuration, and the 5a-H epimers of these active compounds 
were found to have only slight activity. These 2 series are distinguished 
by the orientation of the hydrogen atom at C5 (Fig. 9). The result is 
that the 58-H compounds possess a highly anglulated A:B ring junction 
(A:B cis), while the 5a-H epimers have a planar A:B junction (A:B trans). 
In addition to their effect on liver cells the 5g-H steroids have been 
shown to stimulate hemoglobin synthesis in cultured embryonic erythroid 
cells of the chick blastoderm (Levere, 1967). This is in contrast to 
findings with AIA and DDC, which have no effect on this preparation. 

In addition to the compounds already mentioned, a wide variety of 
compounds have been shown to cause disturbances of porphyrin metabolism 
in experimental animals and in liver cell cultures (De Matteis, 1967). 
While the disturbances of porphyrin metabolism produced by drugs in exper- 
imental animals bear a strong resemblance to the biochemical picture in 
the human hepatic porphyrias, the clinical manifestations of the human 
diseases are not present in the drug-treated animale For this reason 
caution must be used in extrapolating from the experimental porphyrias to 


the human diseases. 


ii. Mechanism of Induction 
Granick and Urata (1963) could not detect ALA-synthetase 
activity in mitochondria prepared from the livers of normal guinea pigs, 
but if the animals were pretreated with DDC this enzyme was readily measured. 
No marked increases in the activities of the other enzymes of the porphyrin 
biosynthetic chain were observed; hence the production of ALA seemed to be 


the rate limiting step in the pathway. When mitochondria from normal 
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Fig. 9. Stereochemical Representation of the Basic Nuclear 
Structures Characteristic of 5a-H (A:B-trans-upper 
diagram) and 58-H (A:B-cis-lower diagram) Steroid 
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guinea pig liver were incubated with DDC for 4 to 6 hours, no enhancement 
of ALA-synthetase activity was found, indicating that the drug does not 
activate pre-existing ereticl 

In subsequent reports Granick, (1963, 1966) using chick embryo 
liver cell culture showed that drug-induced porphyrin biosynthesis was 
blocked by the addition of inhibitors of protein synthesis, such as puro- 
mycin and actinomycin D. In these experiments Granick assumed that por- 
phyrin accumulation could be used as a measure of ALA-synthetase activity. 
On the basis of these findings Granick concluded that the porphyria- 
inducing drugs act by causing an increased synthesis of ALA-synthetase, 
the first enzyme in the porphyrin biosynthetic pathway. It is interesting 
to note that liver ALA-synthetase was subsequently reported to be elevated 
in patients suffering from acute intermittent porphyria (Tschudy et al., 
1965) and variegate porphyria (Dowdle et al., 1967), thus further increas- 
ing the degree of parallelism between the disturbances in porphyrin meta- 
bolism of the acute porphyrias, and those induced by drugs in experimental 
animals. | 

Granick (1966) reported that the increased synthesis of ALA- 
synthetase brought about by chemicals could be blocked by heme (end product 
repression), but using isolated mitochondria he could find no evidence for 
inhibition of the enzyme by heme (end product inhibition). This differs 
from the situation in the photosynthetic bacterium Rhodopseudomonas 
spheriodes, in which it was found that heme not only inhibits synthesis of 
new ALA-synthetase (Lascelles, 1960) but also directly inhibits the action 
of pre-existing enzyme (Burnham & Lascelles, 1963). Recently however a 
partially purified preparation of ALA-synthetase was prepared from the 


livers of AIA-treated rats and shown to be inhibited by heme (Scholnick 
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et al., 1969). This enzyme was found in the soluble fraction of the cells 
and is believed to represent ALA-synthetase which has been synthesized on 
the rough endoplasmic reticulum and is in transit to the mitochondria. 

The difference between these results and those of Granick may reflect the 
inability of added heme to penetrate mitochondria and interact with the 
enzyme. Since the initial and final steps in the normal biosynthesis of 
heme take place within the mitochondria no such barrier to feed-back in- 
hibition of ALA-synthetase would exist in vivo. Therefore end product 
inhibition of ALA-synthetase cannot be ruled out as a physiologically 
important mechanism for the regulation of porphyrin biosynthesis. 

Granick (1966) has proposed a scheme based upon regulation of 
the porphyrin biosynthetic pathway by end product repression to explain 
drug-induced experimental porphyria. In this scheme (Fig. 10), adapted 
from the ideas of Monod and Jacob (1961), heme biosynthesis is controlled 
by a repressor which can inactivate an operator gene, and thus prevent the 
coding of DNA for ALA-synthetase on the structural genes. This repressor 
is postulated to be composed of a protein, the apo-repressor, and a co- 
repressor which is the end-product heme. Porphyria-inducing drugs could 
then compete with heme for a site on the apo-repressor and prevent the 


repressor from acting, thus causing ALA-synthetase to be synthesized. 


iii. Species, Sex and Developmental Differences 


Since many of the drugs which are used to induce experimental 
porphyria in animals were recognized after they had precipitated attacks 
of acute porphyria in humans, it is only natural that attempts should have 
been made to reverse the order, that is to use experimental animals to pre- 


dict which drugs might precipitate attacks of porphyria in humans carrying 
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the genetic lesion. Granick (1964) cautioned against the administration 
of a number of drugs to porphyric patients and their relatives, because 

he had found these drugs to induce the accumulation of an excess of por- 
phyrins in cultures of chick embryo livers. Racz and Marks (1969) showed 
that several drugs which were active porphyria-inducing compounds in chick 
embryo liver cell culture or in the intact chick embryo were completely 
inactive in increasing porphyrin levels in the livers of intact mice. 
These observations are of particular interest since these same drugs have 
been associated with attacks of acute porphyria in humans (Cowger & Labbe, 
1965) and suggest that the chicken might be useful as a model species for 
predicting responses to drugs in human porphyria. 

Almost all the previous studies with chickens have been done 
with the embryo. To ascertain whether adult chickens responded in the 
Same way as the embryo to porphyria-inducing drugs, a comparison of the 
effects of drugs in the embryo and adult chicken has been carried out and 
is reported in Chapter II of this thesis. 

Recently Woods and Dixon (1970a) have reported that newborn 
rabbits are refractory to hepatic ALA-synthetase induction by DDC. Simi- 
larly Song et al. (1968) reported that newborn rats are refractory to 
hepatic ALA-synthetase induction by DDC and AIA. The inducibility of 
hepatic ALA-synthetase was reported to increase with the age of the ani- 
mals. For this reason it was of interest to compare the drug-responses 
observed in the intact chick embryo and the newborn chick, with drug- 
responses in adult chickens. This study is reported in Chapter II of this 
thesis. 

Considerable variability has been noted in the amount of por- 


phyrin biosynthesis induced by drugs in individual rabbits. This has led 
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to the classification of rabbits as good and poor porphyrin excretors. 
(Goldberg & Rimington, 1962). In preliminary experiments we have found 

a similar variability in response to porphyria-inducing drugs in chickens. 
Our experiments indicated that this variability might represent sex- 
differences. For this reason an investigation reported in Chapter II of 


this thesis was carried out to see if this explanation was correct. 


F. Experimental Porphyria, Cytochrome P-450 and Drug Metabolism 


The main site of biotransformation of most drugs and other foreign 
chemicals is the liver. Brodie et al. (1955) showed that the liver enzyme 
system responsible for the oxidation of foreign compounds is associated 
with the endoplasmic reticulum and requires both reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) and oxygen for activity. The fact 
that the enzymes have these requirements enables one to classify them as 
mixed function oxidases. Mason (1957) defines a mixed function oxidase as 
an enzyme that catalyzes the consumption of one molecule of oxygen per 
molecule of substrate (designated as XH below) with one oxygen atom appear- 
ing in the product and the other undergoing two-equivalent reduction as 
illustrated below. 


AneteQs Pater = ~ -XOH 40° “(HOD 


This mechanism is supported by experiments of Posner et al. (1961) utilizing 
aes and imei. in which they have shown that it is atmospheric oxygen and 
not the oxygen of water that is incorporated during the hydroxylation of 
acetanilide. 

The terminal oxidase of this system is believed to be a cytochrome 


whose presence in liver endoplasmic reticulum can be detected by treating 
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a reduced microsomal suspension with carbon monoxide (Klingenberg, 1958; 
Garfinkel, 1958). Because the carbon monoxide spectrum of this cytochrome 
exhibits a maximum at 450 mz: it has been designated cytochrome P-450. 
Since the carbon monoxide spectrum of reduced microsomes exhibits no peaks 
other than that at 450 mz the cytochrome could not be assigned to the a, b, 
or c category. However when microsomes were treated with snake venom or 
deoxycholate, cytochrome P-450 was converted to a solubilized form called 
cytochrome P-420 and the reduced minus oxidized spectrum of cytochrome 
P-420 has a and g peaks at 560 mu and 530 m respectively, which are typi- 
cal of a b type cytochrome (Omura & Sato, 1964). 

Gillete and Gram (1969) have proposed that the following sequence 
of events take place in the oxidation of substrate by the mixed function 
oxidases of the hepatic endoplasmic reticulum (Fig. 11). First the sub- 
strate (A) combines with the oxidized form of cytochrome P-450 to form a 
complex (B). This complex is then reduced via NADPH, NADPH Cytochrome C 
reductase and possibly another intermediate. The reduced complex (C) then 
combines with molecular oxygen to form an Pe Crrochrone P-450-substrate 
complex which decomposes to oxidized substrate and the oxidized form of 
the cytochrome. 

A great variety of drugs, steroid hormones, insecticides and other 
chemical compounds have been shown to cause an increase in the rate of 
metabolism of substrates and a parallel increase in the amount of cyto- 
chrome P-450 in the hepatic endoplasmic reticulum (Mannering, 1968). Many 
of the types of compounds which have been reported to cause induction of 
cytochrome P-450 are also effective in producing experimental porphyria, 


as for instance, barbiturates, steroid hormones and chlorinated insecti- 


cides. (De Matteis, 1967). In addition to this, induction of cytochrome 
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P-450 and induction of experimental porphyria seem to have other factors 

in common. Thus both are induced by a wide variety of chemical structures 
and highly lipid soluble compounds (De Matteis, 1967) and both are more 
easily induced in fasted than well fed animals (De Matteis, 1967). The 
induction of each is commonly associated with an increased excretion of 
ascorbic acid (De Matteis, 1964). Both systems are unresponsive to in- 
ducing agents in fetal and newborn mammals (Hart et al., 1962; Song et al., 
1968), and the induction of both is suppressed by the administration of 
hemin (Marver, 1969). 

Granick (1966) has postulated the operation of a detoxifying mech- 
anism in drug-induced experimental porphyria. In this scheme (Fig. 12) 
the drug induces the synthesis of ALA-synthetase, resulting in increased 
heme synthesis. This heme is then used as the prosthetic group of a cyto- 
chrome P-450. Induction of ALA-synthetase would thus aid in the elimination 
of the inducing chemical. 

It would therefore follow from this hypothesis that all drugs capable 
of inducing experimental porphyria should cause an increase in the amount 
of cytochrome P-450. With this hypothesis in mind we have tested por- 
phyria-inducing drugs to determine their effects on microsomal drug metab- 
olism and cytochrome P-450. The results of these studies are reported in 


Chapters III and IV. 
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PORPHYRIA-INDUCING DRUG 
ENTERS LIVER 


INCREASED HEPATIC ALA-SYNTHETASE 


HEME 


+ 


APOCYTOCHROME P-450 


INCREASED METABOLISM 
OF PORPHYRIA-INDUCING DRUG 


MORE RAPID REMOVAL OF PORPHYRIA-INDUCING 
DRUG FROM THE BODY 


Fig. 12. Granick's Postulated "Detoxifying" Mechanism of Drug- 


induced Experimental Porphyria. 
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Introduction 


Experimental porphyria has been induced in a number of species 
following drug administration. AIA and DDC are the most widely employed 
drugs for this purpose, and both are active in most species tested. A 
number of clinically useful drugs have been associated with provocation 
and aggravation of the human disease. Many of the drugs which aggravate 
human porphyria do not cause experimental porphyria when tested in moat 
common laboratory animals. For instance, Goldberg (1954, 1969) found that 
of nine barbiturates implicated in precipitating these diseases only three 
caused a marked increase in urinary porphyrin excretion when administered 
to rabbits, while the remaining six caused little or no increase. A 
number of drugs which precipitate human porphyria cause accumulation of 
porphyrins in chick embryo liver cells grown in culture (Granick, 1964, 
1965, 1966) and also in the livers of intact chick embryos (Racz & Marks, 
1969). However when these drugs were administered to mice they caused no 
significant increase in liver porphyrin levels (Racz & Marks, 1969). 

These results suggest that the chick embryo is a sensitive test 
animal for the investigation of drug-induced experimental porphyria, and 
it was therefore our intention to use the chick embryo in our studies. 
However, the small amount of liver available from the embryo was a dis- 
advantage and it was of interest to ascertain whether the sensitivity to 
porphyria-inducing drugs extended to adult chickens. For this reason we 
have administered a number of porphyria-inducing drugs to 5 to 7 week old 
chickens and measured liver porphyrin levels. 

In view of the marked sensitivity of the chick embryo to a wide 


variety of porphyria-inducing drugs, it is interesting that mammals tested 


safoane Fo 4 ng no) bopube faad earn sido fatagaiengeal 
buveliva yishtw taon «it ove 300008 BRA” alohiwre ate Sovh Geen 


‘16 Med 56 


“4 40 geo PMMA S 5/77 >, no hr avepggs ri 


re a4 i i 
4 VHA =viW zea Toler 
pe ‘7 tat wei af / ‘ mi) LS 
jartd linvo? (2He!] iT Sarah F toy: 
‘ CC) ae i 
} {Z TO1| VAR Te ‘Ss 
4 
Lah aie Winthmme arly 
ho : Tale 700 NA SIs se 
ote 2f1dd aavh ove 
THD Inf 420 ET off oF 
mW DS Til oO If GW 2Rihih seada 
‘ ‘ rmiys inde mar agVFl nt 
# ty iy 8n> der 1e2hQve 
rt : ; og sinsamty ¥S te WPT a ih 
Shile Yu ANI 


“eI & 20% ON eit 





ra eet ic Aa i 


40? ..2nestoitn. 7 fubsuan: 
7 7 peti 


224 


aang Bhs Vere 


snus? fon ob staying s 
tating ye srodst 


sont bapa 5 Oe 


: (3rd Boneh To 


ie ROH? end 


a inzay o2g8T ~ 
10 Aotsepts sauile ont 107, 1 
avadins Aarts wT 352i, 08 nataiisral we oii vat 
ai) Koni ofdshievso nse £ tedieaen Rt a 
_ eae oid wddsie nad isaes ot aria , 























vi featati> Me 


ool ows hed a 


al igh ,2riddeq 


ozta: hig (892? 


now Ve¥ewold ; 


~ - 













azneion? donot RS 


wy 


= 





7 Py 


- Sy 
: 5 it Seo 
. a > ee 





EN. 


at birth are refractory to induction by even the most potent inducers. 
Song et al. (1968) reported that ALA-synthetase activity could not be in- 
creased in rats by the administration of AIA or DDC. The ability of these 
animals to respond to these drugs gradually increased beginning 10 to 15 
days after birth and reaching a peak at about the time the rats were 
weaned. Woods and Dixon (1970a) reported that in the newborn rabbit, ALA- 
synthetase is also refractory to induction with DDC. A marked difference 
in the levels of hepatic ALA-synthetase activity has been reported to 
exist between adult and perinatal animals. In rat, rabbit and guinea pig 
embryos the levels of hepatic ALA-synthetase are very high, but rapidly 
revert to lower adult levels at the time of birth or shortly thereafter 
(Woods & Dixon, 1970b). To determine if similar developmental differences 
occur in the chicken, we have determined basal and drug-induced levels of 
ALA-synthetase in perinatal and adult animals. 

Goldberg and Rimington (1962) noted that rabbits which had been 
treated with AIA or Sedormid could be grouped into-two categories according 
to the amount of porphyrin they excreted. Animals which excreted above 
6 mg of uroporphyrin daily were called "good excretors" while animals which 
excreted below 2 mg of uroporphyrin daily were called "poor excretors". 

In our experiments with chickens we have also noted a tendency of the 
liver porphyrin levels to fall into two separate groups. In preliminary 
experiments in which DDC was given to chickens it appeared that this vari- 
ability in response might represent a sex difference. For this reason we 
have carried out a further investigation of the response of chickens of 


both sexes to induction with DDC. 
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Experimental 


1. Sources of Compounds 


DDC was purchased from Eastman Organic Chemicals, Rochester, 
N. Y. Glutethimide was supplied by Dr. H. Keberle, Forschungslaboratorien, 
der Ciba Aktiengesellschaft, Pharmazeutische Abteilung, Basel; methsuxi- 
mide by Parke, Davis & Co., Ann Arbor, Michigan; secobarbital sodium by 
Eli Lilly & Co., Indianapolis, Indiana; methyprylon by Hoffman La Roche, 
Montreal; and mephenytoin by Sandoz Pharmaceuticals, Dorval, Quebec. 58- 
pregnan-3a-17a-diol 11, 20-dione and 5g-androstan-3,17-dione were purchased 


from the Sigma Chemical Co., St. Louis, Mo. 


ii. Experimental Animals 


Fertilized eggs used were of a white Leghorn strain obtained 
from the University of Alberta Farm or Archers Poultry Farm, Brighton, 
Ontario. Incubation was at 38° at a relative humidity of 68%. The eggs 
were automatically rotated through an angle of 90° hourly throughout the 
period of incubation. The age of the embryo was taken as the number of 
days from onset of incubation. 

Chickens used were either commercial hybrids purchased from 
Lillydale Farms, Edmonton, or were raised from eggs hatched from our incu- 
bator. They were fed Co-op chick starter daily and water was available 
ad lib. Chickens were 5 to 7 weeks old at the time they were utilized. 

Mice used were adult white females, weighing 20 to 30 g, 
obtained from Taconic Farms, Germantown, N. Y. They were maintained on 


Purina laboratory chow and water ad lib. 
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iii. Calibration of Fluorescence Curve 

Coproporphyrin I was employed as a fluorescence standard. A 
stock solution of coproporphyrin I was prepared from its tetramethy] 
ester by the method of Talman (1958) as modified by Schwartz and described 
below. An accurately weighed quantity of coproporphyrin I tetramethy1- 
ester (approx. 0.5 mg) was dissolved in 1 ml of 7.5 N HCL and allowed to 
hydrolyze overnight. This solution was then diluted to a volume of 100 ml 
with 1 N HCL to make a stock solution. Dilutions with 1 N HCL were made 
from this stock solution to produce concentrations in the range of 0.1 to 
10 yg/100 ml. The calibration curves obtained using these solutions are 
Shown in Figs. 13 a and b. All fluorometric measurements were made with 
a Turner Model 110 Fluorometer with a 405 mu band pass primary filter and 


a Wratten No. 25 (595 my) sharp cut secondary filter. 


iv. Extraction and Measurement of Liver Porphyrins 

The procedure outlined below is that of Schwartz et al. (1960) 
as modified by Racz and Marks (1969). A liver. sample of approximately 
400 mg was weighed and homogenized with 5 ml of ethyl acetate:glacial 
acetic acid (4:1) in a Potter-Elvehjem homogenizer with a glass pestle. 
Next the homogenate was centrifuged, and the supernatant was decanted into 
a separatory funnel. The extraction procedure was repeated twice and the 
resulting supernatants were added to the separatory funnel. Ten ml of 
sodium acetate solution (3%) and one drop of 0.1% iodine in ethanol were 
then added to the separatory funnel containing the combined ethyl acetate- 
acetic acid extract. After shaking, the aqueous phase was removed and 
discarded. The organic layer was then washed with another 10 ml of sodium 


acetate solution and the aqueous layer was again discarded. The organic 
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Porphyrin Standard Calibration Curves; Instrument Sensi- 


tivity 3X (A) and Instrument Sensitivity 30X (B). 
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phase was then extracted 3 times with separate 10 ml portions of 3 N HCL 
to remove the porphyrins (coproporphyrin and/or protoporphyrin). The 
combined acid extract was diluted to a volume of 100 ml with water and 
the porphyrin content determined fluorometrically using 1 N HCL as the 
reagent blank. Using this method Racz (1970) was able to recover 97% of 


the coproporphyrin I added to chick embryo liver. 


v. Measurement of ALA-Synthetase Activity 


a. Preparation of Reagents and Resin 
Acetate buffer of pH 4.6 was made by adding 57 ml of glacial 


acetic acid to 136 g of sodium acetate trihydrate and diluting to one liter 
with water (Mauzerall & Granick, 1956). 

_ Modified Ehrlich's reagent was made by dissolving one gram 
of p-dimethylaminobenzaldehyde (DMAB) in approximately 30 ml of glacial 
acetic acid, adding 8 ml of 70% perchloric acid, and diluting to a final 
volume of 50 ml with glacial acetic acid (Mauzerall & Granick, 1956). 

Dowex-1 acetate was prepared by washing a column of Dowex-1 
chloride X8 (200-400 mesh) with 20 bed volumes of 3M-sodium acetate and 
then batch washing with 50 bed volumes of distilled water (Marver et al., 
1966b). 

b. Generation of ALA 
ALA was generated by the method of Marver et al. (1966a). 
In this method ALA is Pereuaied in liver homogenates with added glycine 
and endogenously generated succinyl Co-A. The conversion of ALA to PBG 
is almost completely blocked by the addition of EDTA. 
Livers were homogenized in 3 volumes of 0.9% sodium 


chloride solution containing 0.5 mM EDTA and 10 mM Tris, pH 7.4 in a Potter- 



















» 
—_ 
a 
an 
Mm 


bind eae end  28W waiit | 
ita, ‘3 | Prunny ogowdes) stayed ait avons? of : 

) oy 8 4 jilih cow toetdks Dian es: 
Uf? Lenhnyoetah ToT NOo- 1 ee ott 


i Abein nor botfsm eres naire Site Sa 


doin 0s bebke 1 hte a 
J — Bika ue Vv 


mithos To p otf ed ies pea 


Wel doled feb SiS) sera 
; fa) 


7 
- 5 | 4 . oO% 
5 ; a 
c i ae both = 
a 
bt 4 


; > 
CIS) shy dob) s.. i Oar ang sre ae 


. 


olictag MOY Fo In 8. BnpGHe Johan Siam 


‘wiosuell) bist todas Tetoola eee Oe see 


Guy 3 ‘ GJ a i _- AS Wits) ( 


\ 


; ' : ' aj i > --ereve® <. 
\ . i - ia f iy wats 4 Ate | yi he | OS 80S ) BX sbtxe¢ 
i 7, I : ag 7 } “ge! a / 

eh 28.15) | Oo 2amuiov bod Gh. veh gitdesw apged 


- 


tL 


he: 







Puiipesew MA 


: ZA 
AJA to 6 Bad 






7 + 


Re sib Ua -yevinN to bordism ant: yd yey 
: ' a a +s 









a * _ 7 
} VW ae r CHa bls . 
Ss _ of a ae - 





’ 
ua | 


-* 7 
¢ 





38 


Elvehjem homogenizer with a teflon pestle. The incubation mixture con- 
tained 0.5 ml of homogenate, 200 u moles of glycine, 20 u moles of EDTA, 
and 150 » moles of Tris-HCL buffer at a final pH of 7.2 and in a total 
volume of 2.0 ml. This mixture was incubated in a 25 ml Erlenmeyer flask, 
since it has been reported that a flask of this size provides the optimum 
surface area for aeriation for a volume of 2 ml (Marver et al. 1966). 
Incubation was for one hour in air at a7"? and the reaction was terminated 
by the addition of 0.5 ml of 25% trichloracetic acid. The contents of six 
flasks were pooled and centrifuged. A 10 ml aliquot of supernatant was 
removed, titrated with sodium hydroxide to a pH range of 4.5 to 6.0, and 
buffered with an equal volume of sodium acetate buffer, pH 4.6. 
c. Measurement of ALA 

The quantity of ALA generated in the previous step was 
measured by condensing it with acetylacetone to form a pyrrole (ALA pyr- 
role), and measuring the red coloured complex formed between the ALA pyr- 
role and DMAB (Mauzerall & Granick, 1956) by a°spectophotometric method 
(Fig. 14). However aminoacetone generated in the incubation system from 
acetyl-CoA and glycine also condenses with acetylacetone to form a pyrrole 
(aminoacetone pyrrole) which interferes with the determination of ALA 
(Fig. 14). Moreover some of the ALA might be converted to PBG during 
incubation and this substance by combining with DMAB (Fig. 14) could inter- 
fere with the estimation of ALA. Since in preliminary experiments it was 
found that insignificant amounts of PBG were present, it was not routinely 
separated from the mixture. On the other hand aminoacetone was found in 
sufficient quantity to warrant separation of aminoacetone pyrrole from ALA 


pyrrole. 
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In order to convert ALA to a pyrrole, 0.5 ml of acetylacetone 
was added to the buffered TCA supernatants (20 ml) in a 50 ml loosely 
stoppered flask. The mixture was then heated at 100° for 15 minutes. 
This procedure also converted the aminoacetone present in the TCA Super- 
natant to a pyrrole and the two were separated by the method described 
) by Marver et al. (1966b) as follows: The solution containing ALA- and 
aminoacetone-pyrrole was placed on a Dowex-1 acetate column (1 x 7 cm). 
The aminoacetone-pyrrole was eluted with 10 ml of n-butanol containing 
0.01 M ammonium hydroxide and the column was washed with 10 ml of 1M 
acetic acid. Finally the ALA-pyrrole was eluted with 10 ml of glacial 
acetic acid : water : methanol (8:1:2) (Ebert et al., 1969). 

The amount of ALA-pyrrole was measured by the method of 
Mauzerall and Granick (1956). The eluate containing the ALA-pyrrole was 
mixed with an equal volume of modified Ehrlich's reagent. After waiting 
twenty minutes for color development, the 0. D. of the solution was read 
in a Unicam SP 600 spectrophotometer at a wavelength of 554 mi. An equal 
volume of glacial acetic acid : water : methanol (8:1:2) and modified 
Ehrlich's reagent was used as a solvent blank. Known amounts of ALA 
carried through the above procedure gave an ce of 5.7 x 10+. This value 
is identical with the value obtained by Ebert et al. utilizing the same 
procedure. If the Dowex column was omitted from the above procedure an « 
of 6.7 x 10* was obtained, indicating that approximately 15% of the ALA- 
pyrrole is lost in passing through the column. An e of 5.7 x 10% was used 


to calculate the amount of ALA present in unknown solutions. 


vi. Administration of Drugs to Chickens 


The compounds to be tested, with the exception of the 58-ster- 
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oids, were dissolved in propylene glycol. The 5 6-steroids were dissolved 
in 10% N, N'-dimethylacetamide in propylene glycol. These solutions (1.5 
ml) were injected into the right side of the peritoneal cavity of 5 to 7 
week old chickens. Twenty-four hours after drug administration the 


animals were sacrificed and a liver sample taken for porphyrin estimation. 


vii. Administration of Drugs to Chick Embryos 


A small hole was made in the egg shell above the air sack. 
The drug dissolved in the appropriate solvent was then injected through 
this hole and the underlying membrane into the fluids surrounding the 
embryo. The injection was made by means of a sterile 1 inch 22 guage 
needle attached to a 2 ml micrometer syringe. The hole in the shell was 
sealed with a drop of molten paraffin and the eggs were returned to the 


incubator. 


viii. Induction of Porphyrin Accumulation in Chick Embryo Livers 
The 5 g-steroids (10 mg) dissolved in 10% N, N'-dimethylaceta- 


mide in propylene glycol (0.2 ml) were injected into the fluids surround- 
ing 16 day old chick embryos and the embryos were returned to the incubator. 
The embryos were sacrificed 24 hours after drug administration and the 


livers removed for porphyrin estimation. 


ix. Induction of ALA-Synthetase in Chick Embryo Liver 
5 g-pregnan-3a-17a-diol 11,20-dione (10 mg) dissolved in 10% N, 
N'-dimethylacetamide in propylene glycol (0.2 ml) was injected into the 
fluids surrounding 16 day old chick embryos and the embryos were returned 
to the incubator. The embryos were sacrificed 12 hours after drug admini- 


stration and the livers were removed for determination of ALA-synthetase 
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activity. In order to provide sufficient tissue the livers of three 


embryos were pooled for each determination. 


x. Induction of ALA-Synthetase in Livers of Mice 
The drug dissolved in corn oi] (0.2 ml) was injected intra- 
peritoneally into mice. Twelve hours following drug administration the 
animals were sacrificed and a sample of liver (approx. 1.5 g) was removed 


for estimation of ALA-synthetase activity. 


Xi. Induction of ALA-Synthetase in Livers of Chickens 
DDC (250 mg/Kg) dissolved in propylene glycol was injected 
intraperitoneally into 3 day old and 5 to 7 week old chickens. The 
younger chickens received 0.3 ml of solution and the older approximately 
1.5 ml of solution. The animals were sacrificed 12 hours after drug 
administration and a liver sample (1.5 g) was taken for estimation of 


ALA-synthetase activity. 


xii. Effect of Sex on ALA-Synthetase Induction and Porphyrin 


Accumulation 

Male and female chickens each received DDC (250 mg/Kg) dis- 
solved in propylene glycol (1.5 ml) by intraperitoneal injection. The 
animals were sacrificed 12 hours following DDC administration. A liver 
sample of approximately 1.5 g was taken from each animal for measurement 
of ALA-synthetase activity and a liver sample of approximately 0.4 g was 


taken for porphyrin estimation. 


Results and Discussion 


Our first objective was to determine if drugs that cause porphyrin 
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accumulation in chick embryos do the same in 5 to 7 week old chickens. 
For this reason the following drugs which were previously shown to induce 
porphyrin accumulation in tne chick embryo (Racz & Marks, 1969) viz., DDC, 
Glutethimide, Methsuximide, Secobarbital, Methyprylon and Mephenytoin were 
selected for study. The results in Table I show that these compounds are 
also active in 5 to 7 week old chickens. DDC was found to be the most 
potent of the drugs tested. This is in agreement with results in chick 
embryo where DDC produced an accumulation of liver porphyrins greater than 
any other compound tested (Racz & Marks, 1969). It is of interest that 
DDC was the only compound in this series that exhibited activity in mice 
(Racz & Marks, 1969). 

| On the-other hand when the 58-steroids, 58-pregnan-3a-17a-diol 11, 
20-dione and 58-androstan-3,17-dione, were administered to adult chickens, 
they produced little or no increase in hepatic porphyrins (Table I). 
This seemed to reflect a difference in response to these compounds between 
embryonic and 5 to 7 week old chickens, since Kappas et al. (1968) have 
found that hepatic ALA-synthetase activity was greatly increased in the 
chick embryo following administration of these 5 g-steroids. However a 
definite conclusion could not be drawn on the basis of this evidence for 
the following reason: Kappas et al. had used ALA-synthetase induction as 
an indicator of drug activity. On the other hand we measured porphyrin 
accumulation and assumed that this provided a measure of ALA-synthetase 
activity and hence of the ability of drugs to induce increased levels of 
this enzyme. This assumption was based on previous studies of Granick that 
led him to conclude that it was a reasonable assumption that porphyrin 


accumulation could be equated with the synthesis of ALA-synthetase (Granick, 
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TABLE I. PORPHYRIN ACCUMULATION IN THE LIVERS OF CHICKENS 


FOLLOWING DRUG ADMINISTRATION 


Sn a a a a a ee 


Compound Dose Liver Porphyrin™ No. of 
(mg/Kg) (ug/g liver) | Animals 
Untreated - 0.13., (0,09.- 0,17) 5 
Solvent Control A else er li 19) 6 


(propylene glycol) 


Solvent Control elon ttl or-"U. 760) 5 
(10 % N,N'- dimethy1- 

acetamide in propyl- 

ene glycol) 


DDC 50 520) (11 i=2107.4) 5 
Glutethimide 160 11.4 (0215 .— 271.2) 5 
Methsuximide 150 28.6 (.93 - 86.4)- 5 
Secobarbital 50 0.11 (0.08 - 0.16) 5 
Sodium + 

100 18.0 (12.4 - 23:7) 2 
Methyprylon 400 5.4 (0.12 - 18.8) 5 
Mephenytoin 200 l7a2 (6237, — 30.6) 5 
5g-Pregnan- 100 eis (0.08 - 0.27) 5 
3a-170-Diol 
11,20-Dione 400 0.33 (0.13 - 1.00) 10 
5g-Androstan- 100 0.14 (0.07 - 0.21) 5 
3-17-Dione 

200 82 (0.23 - 10.1) Me 


* Expressed as yg coproporphyrin I/g wet weight liver. The extreme values 
are given in parentheses. 


t Only two of five animals survived this dose. 
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1966). To clarify the difference between our results in adult chickens 
and the results of Kappas et al. in embryos we next measured hepatic por- 
phyrin levels in chick embryos following administration of the above two 
5 B-steroids. These compounds caused only small increases in hepatic 
porphyrin levels in chick embryos (Table II), showing that the responses 
of chick embryos and adult chickens to these steroids are similar. 

Thus the 5 g-steroids caused a marked elevation of ALA-synthetase 
levels in chick embryos (Kappas et al. 1968), while our results show that 
the increased enzyme activity is not accompanied by a parallel porphyrin 
accumulation. If these observations are correct then the assumption that 
porphyrin accumulation can be equated with the synthesis of ALA-synthetase 
may be incorrect. However the possibility remained that our inability to 
induce porphyrin accumulation in chick embryo livers reflected a difference 
in experimental technique or in the responsiveness of the embryos employed, 
between our laboratory and that of Kappas et al. (1968). This seemed 
possible in view of the fact that 5 B-steroids are among the most potent 
drugs in causing porphyrin accumulation in chick embryo liver cells grown 
in culture (Granick & Kappas, 1967). 

In order to clarify this point we administered 5g-pregnan-3a-17a- 
diol 11,20-dione to chick embryos and measured hepatic ALA-synthetase 
levels rather than porphyrin accumulation. This compound was shown to be 
an active inducer of ALA-synthetase, causing a 35 fold rise in the level 
of the enzyme (Table III). This rise was comparable in magnitude to the 
rise in ALA-synthetase level reported by Kappas et al. (1968) who obtained 
a 40 fold increase. From the above data it seems clear that administration 
of 5 g-steroids causes large increases in hepatic ALA-synthetase activity 


with little concomitant rise in hepatic porphyrin content. Such a large 
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TABLE II. EFFECT OF STEROIDS ON PORPHYRIN ACCUMULATION 
IN CHICK EMBRYO LIVER™ 


Treatment Porphyrins Mean 
(ug/g liver) 


Control + 0.26 

(solvent only) 0.17 
Os1F 0.20 
0.12 
0.29 

58-Pregnan-3al7a- 0.69 

Diol 11,20-Dione Bs6 

(10 mg/egg) 0.97 1.0 
Val 
0.50 

58Androstan-3,17- 175 

Dione 0.28 

(10 mg/egg) 0.51 0.6 
O51 
Oa3Z 


* Livers were removed 24 hours after steroid administration. 
+ The steroids were dissolved in propylene glycol containing 10% 


N,N'-dimethylacetamide (0.2 ml). 
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TABLE III. INDUCTION OF ALA-SYNTHETASE IN CHICK EMBRYO LIVER 
BY A 58 STEROID 








Treatment ALA-Synthetase™ Mean + 1 S.E.M. 
(mumoles/g/hr) 
642 
58-Pregnan-3a- Vad 
17a-Diol 11,20- 440 656 + 112 
Dione 785 
(10 mg/egg) 1107 
643 
Control 19:9 2 


(solvent only)* 


* The steroid was solubilized in propylene glycol containing 10% 
N,N'-dimethylacetamide (10 mg/0.2 m1). The control value is the 
mean of six determinations. 

+ Embryos received the steroid 12 hours prior to sacrifice. Three 


livers were pooled for each determination. 
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rise in ALA-synthetase with a small increase in porphyrin levels has not 
been previously reported and was of special interest because current pro- 
cedures suggested for screening drugs for porphyria-inducing activity are 
based upon measurement of porphyrin accumulation (Granick, 1964; Racz & 
Marks, 1969) and not ALA-synthetase activity. This point will be further 
discussed in chapter IV. 

With this example in mind it occurred to us that there might be 
other circumstances under which hepatic ALA-synthetase is induced without 
Causing appreciable porphyrin accumulation. For instance such a separation 
of ALA-synthetase induction from porphyrin accumulation might explain the 
failure of Racz and Marks (1969) to show any porphyria-inducing activity 
of drugs administered daily for 14 days to mice, although these drugs were 
quite active in chick embryos. Since Racz and Marks measured only por- 
phyrin accumulation it was possible that these drugs caused an increase in 
ALA-synthetase activity in both species, but porphyrins were formed only 
in chick embryo liver and not in mice. 

In order to test this hypothesis we administered three of these 
drugs to mice in the same dose as used by Racz and Marks, and measured 
ALA-synthetase activity rather than porphyrin accumulation. It was found 
(Table IV) that two of the drugs, glutethimide and methyprylon, caused a 
significant increase in ALA-synthetase activity over control values within 
12 hours of drug administration, but the third, methsuximide did not. 

Thus the direct measurement of ALA-synthetase activity is a much more sen- 
sitive index of drug activity than the indirect measurement of the enzyme 
by means of porphyrin accumulation. It is worth stressing that porphyrins 
were Aci detected in the livers following 14 days of consecutive drug ad- 


ministration while ALA-synthetase levels were elevated 12 hours after the 
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TABLE IV. INDUCTION OF ALA-SYNTHETASE IN MICE™* 





Treatment Dose ALA-Synthetase 
(mg/kg) Activity + 


mumole ALA/g/hr. 





Control -- VR aes 
(solvent only) 


Glutethimide 200 1432-10 
Methyprylon 600 140 + 14 
Methsuximide 150 Glas 


* The drugs (dissolved in 0.2 ml of corn oi1) were injected intra- 
peritoneally. The animals were sacrificed 12 hours later and 
approximately 1.5 grams of liver was removed for ALA-synthetase 
determination. 


+ Values are expressed as means + 1 S.E.M. 
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first drug administration. 

It is interesting to consider why these drugs do not cause porphyrin 
accumulation despite the fact that they have the ability to cause elevated 
ALA-synthetase levels. In considering this problem it should be born in 
mind that porphyrinogens, and not porphyrins, are intermediates in the 
biosynthesis of heme. Porphyrins are formed in the liver through the irre- 
versible oxidation of porphyrinogens, and are normally found in minute 
quantities. Since ALA-synthetase is the rate limiting enzyme in the heme 
biosynthetic pathway, an increase in its activity would increase the amount 
of heme produced. Only if ALA-synthetase is increased to such an extent 
that other enzymes in the heme biosynthetic pathway become limiting would 
porphyrinogens and their oxidation products, porphyrins, accumulate. From 
the above it can be seen that not only the activity of ALA-synthetase, but 
the activities of the other enzymes necessary for the conversion of uro- 
porphyrinogen to heme will determine the quantity and type of porphyrins 
which will accumulate following drug administration. These facts would 
provide two possible explanations as to why these drugs cause porphyrin 
accumulation in chick embryo, but not in mice, while elevating ALA-synthe- 
tase in both. 

First of all the mouse may have a greater capacity for converting 
the PBG formed as a result of increased ALA-synthetase activity to heme. 

If this were the case porphyrinogens would not accumulate to be oxidized 
to porphyrins. Since neither heme production nor the levels of other 
enzymes involved in heme biosynthesis were measured, it is difficult to 
assess the importance of this mechanism. 


Secondly the drugs may cause a much smaller increase in ALA-synthe- 
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tase activity in the mouse than the chick embryo. This could come about 
in two ways: 1. The mechanism controlling levels of ALA-synthetase might 
be much less sensitive to drugs in the mouse than in the chick embryo. 

2. The amount of drug reaching the site of action might be much greater 
in the chick embryo than in the mouse due to differences in distribution, 
metabolism and excretion of the drug. 

The inability of the drugs to cause a sufficiently large increase 
in ALA-synthetase would seem likely to provide at least a partial explan- 
ation for the lack of porphyrin accumulation. Though two of the drugs 
tested in mice did cause significant increases in ALA-synthetase, the 
levels were still somewhat less than doubled. In contrast DDC, which did 
cause porphyrin accumulation in mouse liver (Racz & Marks, 1969), caused 
a 9 fold increase in ALA-synthetase activity when administered to mice 
(Wada et al., 1968). 

In recent years increasing interest has been focussed on the levels 
of drug-metabolizing enzymes in the liver of the néwborn and the fetus at 
different stages of development. The reason for this is the realization 
that the fetus and newborn are often extremely sensitive to many drugs due 
to a deficiency in these enzymes. Moreover experiments with interesting 
therapeutic implications have been conducted to attempt to increase the 
levels of these enzymes (Conney, 1967). Since the level of ALA-synthetase 
might be a controlling factor in the level of cytochrome P-450 which in 
turn is critical for the metabolism of many drugs, the levels of this 
enzyme and its inducibility at different stages of development are of 
considerable interest. 


In our next series of experiments we investigated the levels and 
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inducibility of ALA-synthetase in chickens at different stages of develop- 
ment. It was found that control levels of ALA-synthetase (Table V) in 

17 day old chick embryos were only 1/3 those of adult chickens. Levels 

in newborn chicks were found to be intermediate between adult and embryonic 
levels. This contrasts sharply to changes in ALA-synthetase activity with 
development in rats, rabbits and guinea pigs reported by Woods and Dixon 
(1970b). They found levels at ALA-synthetase were much greater in embryos 
than adults of these three species. For example, in rabbit embryos one 
week before delivery ALA-synthetase was approximately 35 times higher than 
adult levels. In this specie ALA-synthetase levels declined rapidly and 
reached normal adult levels at birth or shortly thereafter. 

Dixon and Woods (1970b) have speculated that the "physiologic" 
jaundice which occurs in most newborn animals may be related to elevated 
hepatic ALA-synthetase levels. Since jaundice also occurs in embryonic 
and newborn chickens (Needham, 1963), at a time when we have shown ALA- 
synthetase activity is lower than adult levels it would seem unlikely that 
this suggestion is correct. 

When DDC was administered to newborn and adult chickens (Table V), 
large increases in ALA-synthetase activity were measured. The induction 
in newborn and adult chickens caused by the same dose of DDC (250 mg/Kg) 
were of similar magnitude. In contrast it has been reported that newborn 
rabbits are much less responsive than adult rabbits to induction with the 
same dose of DDC (250 mg/Kg) (Woods & Dixon, 1970a) and newborn rats are 
completely refractory to AIA and DDC administration (Song et al., 1968). 

In the experiment just described, in which DDC was administered to 


adult chickens, it was noted that from a group of six, three livers ob- 
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TABLE V. INDUCABILITY OF ALA-SYNTHETASE™ IN CHICKENS 


Treatment Embryo Newborn Adult 
None LGe2- O07 S7ae 3 AQ +3 
Control “ 38 + 5 ay Neus | 


(solvent only)? 


DDC 250 mg/kg 795 + 312 627 + 187 


* ALA-synthetase activity is expressed as mumoles ALA/g/hr. All values 
are the means of six determinations PelmorceN 

+ Propylene glycol was used to dissolve the DDC. 0.2 ml of propylene 
glycol were administered to newborn chickens while 1.4 to 1.6 ml were 


administered to adult chickens. 
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tained from female chickens had higher ALA-synthetase activity than the 
three from male chickens. On this basis it appeared likely that the sex 
of the animal influenced the drug response, though the number of animals 
was too small to be certain. In order to determine if the sex of the 
chicken was in fact important, we administered the same dose of DDC (250 
mg/Kg) to a larger group of chickens (6 male; 6 female). The results in 
Table VI indicate that there was no difference between sexes in this group. 
The higher ALA-synthetase levels of females of the earlier group was 


probably coincidental. 
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TABLE VI. EFFECT OF SEX ON ALA-SYNTHETASE INDUCTION AND PORPHYRIN 
ACCUMULATION IN 6 WEEK OLD CHICKENS* 


Sex Treatment Porphyrin ALA-Synthetase ALA-Synthetase 

(ug/g Liver) | (mymoles/g/hr) (mean) 

F DDC 250 mg/kg 0.40 30 

e ‘, 30.4 452 

E $ ed 262 207 

F . 03 36 

F te 3.6 214 

F . 226 250 

M 3 2.0 202 

M Ores 30 

M : 46.3 Say 22a 

M ? Peo 167 

M : eS 95 

M : 2.0 274 


* Six week old chickens were injected intraperitoneally 12 hours prior 
to sacrifice, and liver samples removed from each for porphyrin 


estimation and determination of ALA-synthetase activity. 
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Introduction 


The administration of phenobarbital and a variety of other drugs 
to experimental animals leads to an increase in liver microsomal drug- 
oxidizing activity which is paralleled by an increase in the amount of 
microsomal cytochrome P-450 (Remner & Mohr, 1965; Orrenius & Ernster, 
1964; Conney, 1967). This cytochrome plays an important role in drug 
oxidation, and it has been suggested that the increased drug-oxidizing 
activity depends mainly on increased synthesis of this cytochrome (Remner 
& Mohr, 1965). Since phenobarbital and a variety of other drugs induce 
the formation of ALA-synthetase in liver mitochondria with a concomitant 
increase in porphyrin synthesis, Granick (1966) suggested the following 
sequence of events in response to a porphyria inducing drug. Derepression 
of ALA-synthetase in mitochondria leads to increased porphyrin and heme 
formation. The heme is utilized for the prosthetic group of cytochrome 
P-450 so that an increased amount of cytochrome is available and hence an 
increased level of drug oxidizing activity. The object of the experiments 
reported in this chapter was to test the validity of this hypothesis. 

From this hypothesis is would follow that the presence of a drug- 
oxidizing system would be a prerequisite for the induction of porphyria 
in an experimental animal. In view of the fact that Granick's studies 
were carried out in chick embryo liver cells, which were responsive to 
porphyria-inducing drugs from the time the embryo was 9 days old, our 
first experiments were directed to demonstrating the presence of a drug- 
oxidizing system in these livers at this stage of development. In studies 
with several mammalian species the fetal livers have been shown to be 


lacking in the ability to oxidize drugs (Fouts & Adamson, 1959; Brodie & 
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Maickel, 1961; Dallner, et al. 1966). In contrast, Brodie and Maickel 
(1961) have reported that drug-oxidation can be demonstrated in the chick 
embryo liver after 16 days of development. The chick embryo has a special 
problem in disposing of lipid soluble substances since it is confined in 

a relatively impermeable shell. Brodie and Maickel (1961) have theorized 
that the drug-oxidizing system is present in the chick embryo in order to 
metabolize lipid-soluble waste material such as skatoles and indoles to 
water-soluble derivatives, which can be stored until hatching. On the 
other hand mammalian fetuses would have no need for this system since this 
function could be performed by the maternal liver. 

It would also follow from the above hypothesis of Granick that admin- 
istration of porphyria-inducing drugs should cause an increase in drug- 
Oxidizing activity in chick embryo liver. It has been reported that drug- 
Oxidizing activity cannot be stimulated in rabbit liver before the last four 
days of fetal life (Hart et al., 1962), but no information was available 
regarding the inducibility of this activity in the-chick embryo. Our sec- 
ond series of experiments was directed to determining whether this drug- 
oxidizing activity could be induced in chick embryo with porphyria-inducing 
drugs. 

In our third series of experiments we sought to determine the effect 
of hemin (ferriheme chloride) on the induction of hepatic drug metabolizing 
enzymes by porphyria-inducing drugs. Granick (1966) has shown that hemin 
prevents the induction of porphyria by these drugs and suggested that it 
acted as a co-repressor and prevented ALA-synthetase induction. If por- 
phyria-inducing drugs cause increased drug-oxidizing activity by increasing 
the supply of heme for cytochrome P-450 formation, then the following con- 


sequences should follow from the administration of hemin together with a 


porphyria-inducing drug: (1) porphyria induction would be prevented and 
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(2) an increase in drug-oxidizing activity should occur since the quantity 
of hemin administered should provide heme for synthesis of cytochrome 
P-450. Hemin was used rather than heme because of the following consid- 
erations: Burnham and Lascelles (1963) have shown that hemin and heme 

are essentially equal in their ability to inhibit ALA-synthetase. For 
this reason and because of the technical difficulties involved in keeping 
heme in the reduced state, hemin was used. 

In our fourth series of experiments, a positive correlation was 
sought between the ability of DDC and several of its analogues to induce 
an increased level of drug-oxidizing activity in liver and their porphyria- 
inducing activity. As an approximate index of the level of drug-oxidizing 
activity in the liver, the oxidative N-demethylation of aminopyrine was 


measured. 


Experimental 


i. Source of Compounds 


DDC analogues employed in this study were synthesized in our 


laboratory by U. K. Terner and G. L. Bubbar (Marks et al. 1965). 


ii. Determination of Aminopyrine N-demethylase Activity 


In the demethylation of aminopyrine to 4-aminoantipyrine by 
liver microsomes two molecules of formaldehyde are formed (Fig. 15). The 
measurement of formaldehyde formed during incubation thus provides a means 
of measuring the rate of aminopyrine N-demethylation. The formaldehyde 
formed was first trapped as the semicarbazone by the addition of semicar- 
bazide to the incubation mixture. It was then converted to 3,5-diacetyl- 


1,4-dihydro-2,6-dimethylpyridine (Fig. 16) by reaction with acetylacetone 
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Fig. 15. The N-demethylation of Aminopyrine to 4-aminoantipyrine. 
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Fig. 16. Measurement of Formaldehyde by the Formation of 3,5- 


diacetyl-1,4-dihydro-2,6-dimethylpyridine. 
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in the presence of an excess of ammonium salt (Nash, 1953). The amount 
of 3,5-diacetyl-1,4-dihydro-2,6-dimethylpyridine was measured spectro- 
photometrically by its absorption at 415 m. 

a. Preparation of Reagents 

Nash reagent was prepared on the day of use by mixing 0.1 
ml of acetyl acetone with 25 ml of a 30% ammonium acetate solution (Cochin 
& Axelrod, 1959). 

Buffered potassium chloride solution was prepared by com- 
bining 900 ml of potassium chloride solution (1.15%) with 100 m1 of potas- 
sium phosphate buffer (0.1 M), pH 7.4. 

b. Preparation of 9,000 g Supernatant Fraction 

The embryos were killed by decapitation and the livers 
immediately removed and homogenized in the cold with a Potter-Elvehjem 
apparatus with a teflon pestle in 5 volumes of buffered potassium chloride 
solution. The homogenate was centrifuged at 9,000 g for 20 minutes at 4° 
to remove unbroken cells, nuclei and mitochondria. - Taking care not to 
disturb the fatty material which is present on the surface or the pellet, 
the 9,000 g supernatant fraction, wnich contains the microsomes, was re- 
moved by means of a Pasteur pipet. 

c. Incubation of Liver 9,000 g Supernatant Fraction 

With Aminopyrine 

The incubation mixture used was as follows: the 9,000 g 
supernatant fraction obtained from 0.4 g of liver was incubated with 5.0 yp 
moles aminopyrine, 0.6 u moles NADP, 6.0 uy moles glucode 6-phosphate, 50 u 
moles nicotinamide, 45 ‘ moles semicarbazide hydrochloride, 25 y moles 


MgCl, and 3 ml of 0.1 M potassium phosphate buffer, pH 7.4 in a total volume 
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of 6 ml. Incubation was for 1 hour at 37° in air. NADP and glucose 
6-phosphate were added in order to generate NADPH by a reaction catalyzed 
by glucose 6-phosphate dehydrogenase found in the 9,000 g supernatant. 
Nicotimamide prevents the destruction of NADP by NADPase present in the 
9,000 g supernatant. MgCl, was added to provide magnesium ion, which is 
essential for glucose 6-phosphate dehydrogenase activity. 
d. Measurement of Formaldehyde Formed 

The amount of formaldehyde formed during incubation was 
measured by the method of Nash (1953) as modified by Cochin and Axelrod 
(1959). Incubation was terminated by the addition of 2 ml of zinc sul- 
phate solution (20%) followed by 2 ml of a saturated solution of barium 
hydroxide. This mixture was centrifuged and a 5 ml aliquot of clear super- 
natant was removed. Two ml of Nash reagent were added to this 5 ml ali- 
quot, and the solution was placed in a water bath at 60° for 30 minutes. 
Upon cooling the absorbance at 415 my was measured against a blank pre- 
pared by the procedure outlined above, but omitting aminopyrine from the 
incubated mixture. The amount of formaldehyde was determined from a 
standard curve (Fig. 17) prepared by determining the absorbance of known 


amounts of formaldehyde by this procedure. 


iii. Determination of Microsomal Protein Content 
a. Preparation of Reagents 
Folin reagent was prepared by diluting 5 ml of Folin and 
Ciocalteu Phenol Reagent (British Drug Houses) with 50 ml of distilled 
water. 
Copper reagent was prepared by combining 1 ml of copper 


sulphate solution (1%) and 1 ml of sodium potassium tartrate solution (2%) 











y * a ee ° . 
Peehs L 0 ' vay MC Wert! = @! ae ho. 
a 


- 
of sive nf babe eraw otodqeod 2 
i 
Om “i - hy 4 iY ig-p e2c2uTp’ i 


| : 
is aaneven ob imemhros kh 


i t 4 ‘ 145 203 io : 
a c ‘ 
To. 3 M20 b 
‘i, Pik ‘ j aT 
t ; ) 4 : > tt af? 
“i DOA! Y eaw nortadnuon) 
— - 
‘ : Fi : 7) f Di Tuto 
_ ‘ ov] ria 
} ¢ 2] 1T 
= ~~ 
~ 


owl ,bsyoney gin 
z m/l 
oe toyely ety nofielog-end ide atom 
. a 
“rid pnt Foo: hog 


' svc beni live silo siti home 
1 te 2m Ha] Sig arm bad duon 
. ie a: 


a. 
dr bavedsog (Tl «pr avaus bysbagia 
43 ‘< an 
-erehoood 2tis ye shyla) To -220uem 





0.90 


0.80 


0.70 


0.60 
E 
ike) 
Sar 0.50 
w 
Oo 
c 
© 
a 
= 
[2] 
ea 6-40 
<t 
0.30 
0.20 
0.10 
Fig. 17. 


64 





yg HCHO/m1 


Standard Calibration Curve for Determining the Amount 


of Formaldehyde Present in Unknown Solutions. 








wm 2f8 sonsdyoedh 


02.9. 
0,0 
m.0 


. oe | ee Be 
S S . --s Ss . & 


Ve | 


fe 
‘ 


65 


with 20 ml of sodium carbonate (10%) in 0.5 M NaOH. 


b. Isolation of Microsomes 

A 1 ml aliquot of 9,000 g supernatant fraction prepared 
as described above was routinely removed for determination of microsomal 
protein. The sample was diluted to a volume of 6 ml with buffered potas- 
sium chloride solution, placed in a centrifuge tube and centrifuged at 
100,000 g at 4° for a period of 1 hour. The supernatant fluid was dis- 
carded and the microsomal pellet was resuspended in distilled water using 
a Potter-Elvehjem homogenizer with teflon pestle. The resuspended micro- 
somes were diluted to a final volume of 50 ml and 1 ml samples removed for 
protein determination. 

c. Measurement of Microsomal Protein 

The method outlined below is that of Lowry et al. (1951) 
as modified by Miller (1959). Copper reagent (1 ml) was added to the 
microsomal sample (1 m1) prepared as described above. The resulting 
solution was mixed and allowed to stand for 10 minutes at room temperature. 
Folin reagent (3 ml) was added and the mixing was repeated. The solution 
was heated in a water bath at 50° for 10 minutes. The absorbance of the 
blue colored complex formed under these conditions was measured at 540 mp. 
The amount of protein present was estimated from a standard curve (Fig. 18) 
prepared by carrying known amounts of bovine serum albumin through the 


above procedure. 


iv. Administration of Drugs to Chick Embryos 


Phenobarbital sodium and AIA dissolved in water (0.1 ml) were 


injected through the membrane of the air sack into the fluids surrounding 
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the embryo as described in chapter II. DDC and its analogues were dis- 
solved in 95% ethanol (0.01 ml) and injected in the same manner. Drugs 
were injected daily on days 15, 16 and 17 of development. The embryos 
were sacrificed on day 18 of development and the livers removed for deter- 
mination of aminopyrine N-demethylase activity. Controls were carried out 


in which the solvent alone was injected. 


v. Addition of DDC and Analogues to the Incubation Mixture 


DDC or its analogues, dissolved in 95% ethanol (0.01 m1) were 
added to the incubation mixture (6 ml) just prior to incubation. Incu- 
bation and assay of aminopyrine N-demethylase activity were then carried 
out in the usual manner. Controls were carried out in which the solvent 


alone was added. 


vi. Effect of Hemin on DDC-Induced Liver Porphyrin Accumulation 


DDC or DDC and hemin dissolved in dimethylsulfoxide (0.1 m1) 
were injected into the fluids surrounding 16 day old chick embryos, and 
the embryos were returned to the incubator. The embryos were sacrificed 
24 hours after drug administration and the livers were removed for por- 


phyrin estimation. 


Results and Discussion 


The results in Fig. 19 show the presence of considerable amounts of 
N-demethylase activity, expressed per gram of liver, as early as the twelfth 
day of development. Moreover, the amount of N-demethylase activity in- 
creases steadily with the age of the embryo and continues to increase after 


hatching. When N-demethylase activity is expressed per mg microsomal 
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14 7 20 1 24 
Hatching 


Age of Embryo in Days 
Changes in N-demethylase Activity at Various Stages of 
Development of Chick-Embryo Liver Expressed per Gram 
Liver (Wet Weight). The Averages of the N-demethylase 
Activity Observed in at Least Three Separate Experiments . 


are Plotted at Each Time Period. 
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protein (Fig. 20) a similar pattern is seen. However when the results 

are expressed in this manner, there is a decrease in activity between the 
18th and 21st days of fevelconent indicating that N-demethylase activity 
does not keep pace with the increase in microsomal protein content at 

this stage of development. Soyka (1969) have reported that the highest 
value of aminopyrine N-demethylase activity reached in rat liver at diff- 
erent stages of fetal and adult development is 950 mp moles/g liver. It 
is of interest that this value is lower than that reached in chick embryo 
liver at 17 days of development (Fig. 19). Strittmatter and Umberger 
(1969), who studied the level of N-demethylation of mephobarbital, have 
reported that activity is present in the 15 day old embryo and increases 
with age thereafter. Granick had demonstrated porphyria-inducing activity 
in 9 day old embryos. It was impractical to measure N-demethylase activity 
at this stage of development so that our first measurements were carried 
out with 11 day old embryos. The demonstration of the presence of drug- 
oxidizing activity in 11 day old chick embryo livers is consistent with 
Granick's interpretation of the sequence of events in response to a por- 
phyria-inducing drug. 

Having established the presence of drug-oxidizing activity in the 
chick embryo liver, our next series of experiments was directed to deter- 
mining if this enzyme activity could be increased by administration of 
porphyria-inducing drugs. Phenobarbital was chosen for the first experi- 
ments because of its well established ability to stimulate an increase in 
hepatic drug-oxidizing activity in several species (Conney, 1967). It has 
also been established that phenobarbital is capable of inducing porphyrin 
accumulation in chick embryo livers (Racz & Marks, 1969). In Table VII 


it can be seen that pretreatment with phenobarbital for 3 days causes an 
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Changes in N-demethylase Activity at Various Stages of 
Development of Chick-Embryo Liver Expressed per mg 
Microsomal Protein. The Average of the N-demethylase 
Activity Observed in at Least Three Separate Experi- 
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TABLE VII. EFFECT OF PHENOBARBITAL AND AIA ON 
N-DEMETHYLASE ACTIVITY OF CHICK EMBRYO LIVER* 


Compound injected Daily Liver % Control 
in water (0.1 m1) dose N-demethylase 
once daily for 3 days  (mg/egg) activity 


(mymoles form- 
aldehyde/g liver) 


Control - 1232 - 
Phenobarbital sodium 5 1824 148 
Control - 1465 ~ 
AIA 0.1 885 61 
AIA ey) 2650 180 


* The embryos were injected on days 14, 15 and 16 of development and the 
the enzyme activity was measured on day 17. Controls received the sol- 
vent alone. Livers of at least six embryos were pooled for each deter- 


mination and the above data represent the average of two experiments. 
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increase in N-demethylase activity. Strittmatter and Umberger (1969) have 
found that phenobarbital also causes an increase in mephobarbital N-demeth- 
ylase activity of 18 day old chick embryo liver in animals which were 
pretreated on days 15 and 17. The potent porphyria-inducing drug AIA, 
behaved similarly to phenobarbital and caused an increased level of N- 
demethylase activity (Table VII) when administered in a dose of 1 mg per 
egg for three days. These observations are in agreement with Granick's 
interpretation of the sequence of events in response to a porphyria- 
inducing drug. On the other hand when AIA (1 mg/egg) was administered in 
a single dose a decrease in aminopyrine N-demethylase activity after six 
hours was observed (control 860 mu moles HCHO/g liver/hr, observed value 
420 mu moles/g liver/hr). 

A smaller dose of AIA (0.1 mg/egg) caused a decreased level of N- 
demethylase activity (Table VII) after three days. It is not known whether 
a dose as small as 0.1 mg per egg will cause porphyrin accumulation in 
chick embryo liver, while a dose of 1 mg per egg is known to be active 
(Racz, 1970). The significance of these observations in relation to 
Granick's hypothesis was unclear at this stage of investigation. 

It has been established that hemin administration greatly reduces 
the porphyrin accumulation caused by AIA or DDC in chick embryo liver cells 
grown in culture (Granick, 1966; Schneck, 1969). Prior to determining the 
effect of hemin on the increase in hepatic drug-oxidizing activity caused 
by porphyria-inducing drugs, it was first necessary to determine the effect 
of hemin on drug-induced hepatic porphyrin accumulation in the chick embryo. 
For this reason the relationship between the dose of DDC administered and 
porphyrin accumulation was determined in the chick embryo liver (Figs. 21, 


22, 23). The effect of various doses of hemin on the DDC-induced porphyrin 
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© — DDC 


O — DDC + Hemin 0.24 mg/egg 





Dose of DDC (mg/egg) 


Effect of 0.24 mg of Hemin per Egg on the Accumulation of 
Porphyrins in Chick-Embryo Liver Caused by DDC. Each 
Point Represents the Mean of at Least Five Determinations. 


The Vertical Bars Represent 1 S.E.M. 
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© — DDC 


O— DDC “+ Hemin 2.44 ma/egg 


Dose of DDC (mg/egq) 


Effect of 2.44 mg of Hemin per Egg on the Accumulation 
of Porphyrins in Chick-Embryo Liver Caused by DDC. Each 
Point Represents the Mean of at Least Five Determinations. 


The Vertical Bars Represent 1 S.E.M. 
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O-—DDC + Hemin 4.88 mg/egg 
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Fig. 23. Effect of 4.88 mg of Hemin per Egg on the Accumulation 
of Porphyrins in Chick-Embryo Liver Caused by DDC. Each 
Point Represents the Mean of at Least Five Determinations. 


The Vertical Bars Represent 1 S.E.M. 
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accumulation was then determined (Figs. 21, 22, 23). The administration 
of various doses of hemin produced little or no diminution in DDC-induced 
porphyrin accumulation (Figs. 21, 22, 23). One possible explanation of 
this unexpected result is suggested by a recent observation of Scholnick 
et al. (1969). These workers found that albumin prevented the inhibition 
of partially purified ALA-synthetase by hemin and suggested that albumin 
acted by binding the hemin. If this is the case the abundance of albumin 
found in the fluids surrounding the chick embryo might explain the differ- 
ence between the activity of hemin when injected into the egg, and its 
activity when administered to cells in culture. Because we were unable to 
show a definite effect of hemin on drug-induced porphyrin accumulation in 
chick embryo livers we abandoned any further studies with this compound. 
Recently it has been reported (Marver, 1969) that hematin (ferriheme hyd- 
roxide) inhibited the phenobarbital-stimulated increase in hepatic drug- 
oxidizing activity when administered to rats. This is contrary to the 
results anticipated if Granick's hypothesis is correct. In addition to 
preventing increases in the levels of various components of the hepatic 
drug-oxidizing system, hematin administration prevented the increases in 
microsomal phospholipid and protein normally seen following phenobarbital 
administration. Such a non-specific effect is difficult to explain on the 
basis of hematin exerting its effect exclusively on the heme biosynthetic 
pathway. This has led Marver (1969) to speculate that heme may act by 
preventing the porphyria-inducing drug from reaching its site of action. 
In our next series of experiments, a positive correlation was sought 
between the porphyria-inducing activity of DDC and several of its analogues 
(Fig. 24) and their ability to induce increased N-demethylase activity in 


chick embryo liver. The results (Table VIII) show that contrary to what 
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(a), = H 


epee = CH. 
(c), R= CH,CH, 


id aajR = CH,CH,CH3 


Fig. 24. Chemical Structure of: (a) 3,5-diethoxycarbony1-1,4-dihydro- 
2,6-dimethylpyridine; (b) 3,5-diethoxycarbonyl-1,4-dihydro- 
2,4,6-trimethylpyridine; (c) 3,5-diethoxycarbony1-1,4-dihydro- 
2,6-dimethyl-4-ethylpyridine; (d) 3,5-diethoxycarbony]-1 ,4- 
dihydro-2,6-dimethy1-4-propylpyridine; (e) 3,5-diethoxycar- 
REP AG-tri nethylpyridine. 
















- | a Hi ae 
i i if mn ee 

’ . | s | 
ye Se = en” 0,4 
“4H weet 7 


: 
¥Y 


| (8)° <= if 
H =A..,(oh8 
go 7 afd): 
ghO,HO =A foe 
oe MIA Ae 
(¢), Rest Sowsf? Feotapey gig ae 
yehyrltbod, (i yhctdresvxodsartiedet (8): anh tive ite Mendes . : 
-oibynia«b fal ws KSVKD '.?) io fuga yiaotet= dbs 


ae . Wirorny pana! 2, sy 7 ei « Pe Pa AL oe hystmatbad, s cia 
Srncligaylltpy 2 (9) p91 ost qaetapt gleams Sleetigtrb 'e Nadls 







aT 








ome 


78 


TABLE VIII. EFFECTS OF DDC AND ANALOGUES ON LIVER N-DEMETHYLASE 
ACTIVITY AFTER INJECTION INTO THE FLUIDS 
SURROUNDING THE CHICK EMBRYO* 


eee 


Compound injected in Liver N-demethylase % Control  Porphyria- 
95% ethanol (0.01 ml) activity (mumoles inducing 
daily for 3 days formaldehyde/g liver) activityt 
(ug porphyrin/g 
liver 
Control 785 - 
3,5-Diethoxycarbonyl-1, 0.35 (0.32-0.38) 
4-dihydro-2,6-dimethy1- 
pyridine 4 
(Fig. 24a) 830 108 
Control 1280 
3,5-Diethoxycarbonyl- 0.70 (0.37-0.94) 
2,4,6-trimethylpyridine 
(Fig. 24e) 1240 97 
Control 1270 
3,5-Diethoxycarbonyl- 136 (72-208) 


1,4-dihydro-2,4,6- 
trimethylpyridine (DDC) 


(Fig. 24b) 307, 24 
Control 1515 
3,5-Diethoxycarbonyl- Data not, 
1,4-dihydro-2,6-dimethy1- available 
4-propylpyridine 
(Fig. 24d) 125 8 
Control 1435 
3,5-Diethoxycarbony1- 217 (201-247) 


1,4-dihydro-2,6-dimethyl- 
4-ethylpyridine 
(Fig. 24c) 125 9 


* The embryos were injected on days 14, 15 and 16 of development with 
500 ug drug/day, and enzyme activity was measured on day 17. Livers 


of at least six embryos were pooled for each determination. The above 
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data represent the average of two experiments, with the exception of 
DDC (Fig. 24b) which represents the average of three experiments. 

Drugs (4 mg) dissolved in dimethylsulfoxide were injected into the 
fluids surrounding the embryo. After incubation for 24 hours, the 
porphyrins were piitedesed from the liver and estimated flurometrically. 
The data in this column are the averages of at least four determinations. 
The extreme values are given in parentheses. (Data of Racz & Marks, 
1969). 

This compound was dissolved in 0.02m1l of warm 95% ethanol due to its 
low solubility. 

This compound was found to be toxic at the 4 mg dose level. However, 
data from cell culture studies (Marks, et al. 1965) show this compound 
to have activity of a similar magnitude to 3,5-diethoxycarbonyl1-1,4- 


dihydro-2,6-dimethyl-4-ethylpyridine (Fig. 24c). 
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was anticipated, the administration of DDC and two of its analogues re- 
sulted in decreased N-demethylase activity, (Table VIII; 24b, c and d) 
while N-demethylase activity was not significantly changed by the remaining 
two compounds (Table VIIT; 24a ande). Moreover, those drugs causing the 
greatest decrease in N-demethylase activity were the most potent in induc- 
ing porphyrin accumulation in the liver when injected into the fluids 
surrounding the chick embryo (Table VIII). It is of interest that Wada 
et al. (1968) have recently demonstrated that administration of DDC to 
mice results in decreased levels of aminoazo dye N-demethylase activity 

in liver microsomes. Since the administration of DDC and its analogues 
resulted in decreased N-demethylase activity instead of the anticipated 
increase, it is clear that the sequence of events suggested by Granick 
(1966) to occur in response to porphyria-inducing drugs does not apply to 
these compounds. 

In the above experiments the levels of N-demethylase were observed 
to be decreased 3 days after the beginning of drug.administration. It was 
of interest to determine whether the drugs used pected a long period of 
time to produce their inhibitory effects or whether they directly inhibited 
the enzyme. For this reason the following series of experiments were 
carried out: DDC and its analogues were added to incubation mixtures con- 
taining the 9,000 g supernatant fraction prepared from the livers of 
untreated chick embryos. This resulted in loss of N-demethylase activity 
(Table IX). Moreover, those drugs causing the most significant decreases 
in N-demethylase activity were the most potent in inducing porphyria 
accumulation in chick embryo liver cells grown on coverslips. We have 


chosen to compare the effect of DDC and its analogues on the N-demethylase 
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TABLE IX. EFFECT OF DDC AND ANALOGUES ON N-DEMETHYLASE ACTIVITY 
QF COMBINED MICROSOMAL AND SOLUBLE FRACTION* 


Compound added in Dose/ N-demethy1- % Control Porphyria- 
95% ethanol incubation ase activity inducing 
(0.01 m1) t tube (mumoles activity# 


(ug/6 ml) HCHO/g liver) 


3,5-Diethoxycarbonyl- Control 1391 
1,4-dihydro-2,6- 50 1325 96 1 
dimethylpyridine Control 1350 

(Fig. 24a) 500 975 ig 
3,5-Diethoxycarbony]- Control 1391 
2,4,6-trimethyl- 50 1167 84 2 
pyridine Control 1580 

(Fig. 24e) 500 466 30 
3,5-Diethoxycarbonyl- Control 1391 
1,4-dihydro-2,4,6- 50 825 59 3 
trimethylpyridine Control 1580 

(Fig. 24b) 500 275 14 
3,5-Diethoxycarbonyl- Control 1391 
1,4-dihydro-2,6- 50 184 14 4 
dimethy]l-4-propylpyridine Control 1580 

(Fig. 24d) 500 75 4 
3,5-Diethoxycarbonyl- Control 1391 — 
1,4-dihydro-2,6- 50 109 8 5 
dimethyl-4-ethylpyridine Control 1580 

(Fig. 24c) 500 66 4 


* The drugs were added to the incubation mixture just prior to incubation. 


Data represent the average of two experiments at each dose level. 
+ 0.1 ml of 95% ethanol was required to dissolve 500 ug of 3,5-diethoxy- 
carbony1-1,4-dihydro-2,6-dimethylpyridine (Fig. 24a). 


+ Compounds were ranked according to their threshold dose for inducing 
porphyrin accumulation in cell culture (Marks, et al. 1965). The most 


potent was ranked 5; the least potent was ranked 1, etc. 
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activity of the 9,000 g supernatant fraction (Table IX) with the porphyria- 
inducing activity of the drugs in chick embryo liver cells grown in cul- 
ture rather than with the results in the intact chick embryo. This pro- 
cedure appeared reasonable, since porphyria-inducing activity observed in 
the intact chick embryo may be complicated by dynamic factors such as 
absorption, distribution, metabolism and excretion. 

We further examined the inhibition of N-demethylase activity by 
determining if the time the 9,000 g supernatant was in contact with the 
drugs had any bearing on the degree of inhibition produced. When the 
complete incubation mixture (containing the 9,000 g supernatant and the 
NADPH-generating system) was pre-incubated for 30 minutes with AIA or DDC 
a greater inhibition of N-demethylase activity resulted then if the incu- 
bation mixture was not pre-incubated with the drug (Table X). The NADPH- 
generating system was not required during the pre-incubation period for 
the enhanced drug effect (Table XI) and it was therefore inferred that 
the formation of an oxidative metabolite of AIA or DDC was not responsible 


for the increased drug effect during the pre-incubation period. 
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TABLE X. EFFECT OF PRE-INCUBATION ON THE INHIBITION OF 
N-DEMETHYLASE ACTIVITY CAUSED BY AIA AND DDC 


Compound Dose Aminopyrine N-demethylase Activity" 
Added* (yg/6 m1) Not Pre-incubated Pre-incubated 
(mumole HCHO/ (mimole HCHO/ 


g/30 min) (% Control) g/30 min) (% Control) 


Control - 733 100 783 100 
(solvent 

only) 
AIA 100 650 89 483 62 
AIA 1000 467 64 283 36 
DDC 50 433 59 200 26 


DDC 500 250 34 67 8 





* Compounds were added dissolved in 5 ul of ethanol 95%. 
+ The entire incubation mixture (described under experimental, i.c), 
minus aminopyrine, was pre-incubated with the drug for 30 minutes 


at 37°. 
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TABLE XI. THE EFFECT OF OMISSION OF THE NADPH GENERATING SYSTEM 
DURING THE PRE-INCUBATION PERIOD 





Compound Dose Aminopyrine N-demethylase Activity 
Added* (yg/6 m1) Pre-incubated With + Pre-incubated Without $ 
NADPH Generating System NADPH Generating System 


(mumole HCHO/ (mumole HCHO/ 
g/30 min) (% Control) g/30 min) (% Control) 


Control - 588 100 600 100 
(solvent 

only) 
AIA 1000 184 a2 217 36 
DDC 500 67 1m! 50 8 


* Compounds were added dissolved in 5 ul of ethanol 95%. 


+ The entire incubation mixture (described under experimental, i c), 


minus aminopyrine was pre-incubated with the drug for 30 minutes at ee 


+ Conditions were the same as described above except NADP and glucose- 
6-phosphate were omitted from the incubation mixture during the pre- 


incubation period. 
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CHAPTER IV FURTHER INVESTIGATIONS INTO THE POSSIBLE ROLE OF 
THE HEPATIC DRUG-OXIDIZING SYSTEM IN DRUG-INDUCED 
EXPERIMENTAL PORPHYRIA 





7) 3309 3812209 2NT OTT 2MORTASTTSIWNT asvTAuy  -¥i ASTSRee 
23: i Wl MiT2¥2 DNLTOIYOSOU STS anT . 


ATU VUSECR 


86 


Introduction 


In the previous chapter we have shown that administration of DDC to 
chick embryos causes a fall in hepatic aminopyrine N-demethylase activity. 
In addition it was found that the ability of DDC and several of its anal- 
ogues to cause a decrease in aminopyrine N-demethylase activity correlated 
well with their ability to cause experimental porphyria. When AIA (1 mg/ 
egg) . administered for nine hours a decrease in N-demethylase activity 
was observed, whereas when given daily for three days it caused an increase 
in aminopyrine N-demethylase activity (Table VII). This observation is 
not surprising since it is well known that the administration of a number 
of drugs have a biphasic effect on hepatic drug-oxidizing activity 
(Conney, 1967), inhibiting activity for several hours after administration 
and increasing activity thereafter. It is interesting to note that of nine 
compounds cited by Conney (1967) as causing a biphasic effect on drug- 
oxidizing activity six have been tested for porphyria-inducing activity; 
viz., glutethimide, nikethamide, tolbutamide, Pe ee, one mesantoin and 
g-diethylaminoethy] diphenyl propy1 acetate (SKF 525-A), and all six were 
found to be active (Granick, 1966; De Matteis, 1967, 1971). The compounds 
which have not been reported as having been tested for porphyria-inducing 
activity are: chlorcyclizine, phenaglycadol and N-methy]l-3-piperidy] 
diphenyl carbamate (MPDC). These results indicate that a decrease in 
hepatic drug-oxidizing activity may be a common factor associated with 
induction of experimental porphyria by drugs. 

The question thus arises as to how a decrease in drug-oxidizing 
activity may be linked to the induction of experimental porphyria. The 


following explanation appeared plausible: Porphyria-inducing drugs lead 
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in some unknown manner to breakdown of the heme moiety of cytochrome P-450 
leading to decreased levels of this cytochrome. Heme is removed from the 
intracellular pool for the formation of new cytochrome P-450 leading to 
de-repression of ALA-synthetase and therefore, to experimental porphyria. 
The decreased levels of cytochrome P-450 would be reflected in decreased 
drug-oxidizing activity. 

In order to evaluate these ideas our next series of experiments 
were directed to measuring the levels of hepatic aminopyrine N-demethylase, 
cytochrome P-450, ALA-synthetase and porphyrins at various intervals fol- 
lowing administration of AIA or DDC. If a decrease in the level of cyto- 
chrome P-450 was essential for the induction of ALA-synthetase, it was 
considered necessary to demonstrate a decrease in the level of this cyto- 
chrome prior to an increase in the level of ALA-synthetase. Moreover the 
changes in the level of cytochrome P-450 should parallel changes in the 
levels of N-demethylase activity. 

If porphyria-inducing drugs produce an elevation in ALA-synthetase 
activity by causing a decrease in the intracellular heme pool as described 
above, their administration might be expected to result in decreases in 
the levels of other heme containing enzymes by causing a deficiency of 
heme available for enzyme synthesis. In agreement with this idea, AIA and 
DDC have been reported to cause a fall in hepatic catalase activity (De 
Mattais & Prior, 1962). In order to determine if the levels of other heme 
containing enzymes are also decreased in experimental porphyria, we have 
measured the levels of cytochrome b. at various times following the admini- 
stration of AIA or DDC. Cytochrome be is associated with the hepatic endo- 


plasmic reticulum where it functions as part of an electron transport chain 
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utilizing NADH as its major source of reducing equivalents (Sato et al., 
1969). 

In Chapter II we have shown that the measurement of hepatic por- 
phyrin content is not always an accurate index of ALA-synthetase activity. 
For this reason ALA-synthetase activity was measured directly and compared 


with the levels of accumulated porphyrin. 


Experimental 


I. Isolation of Chick Embryo Liver Microsomes 


The method used is essentially that used by Omura and Sato 
(1964). Three embryos were killed by decapitation ena the livers immed- 
jately removed and immersed four times in separate cold buffered potassium 
chloride solutions, pH 7.4. Buffered potassium Aiiorice solution was pre- 
pared by combining 900 ml of potassium chloride solution (1.15%) with 100 
ml of potassium phosphate buffer (0.1 M), pH 7.4. This procedure was 
necessary to minimize hemoglobin contamination, as perfusion of chick 
embryo livers was found to be impractical. The livers were finely chopped 
with a razor blade and homogenized in the cold with 5 volumes of buffered 
potassium chloride solution, pH 7.4 in a Potter-Elvehjem apparatus equipped 
with a teflon pestle. The homogenate was centrifuged for 20 minutes at 
9,000 x g and 4° to remove unbroken cells, nuclei and mitochondria. The 
9,000 g supernatant fraction, containing the microsomes was removed by 
means of a Pasteur Pipet taking care not to disturb the fatty material 
present on the surface of the supernatant or the pellet. The microsomes 
were then sedimented by centrifugation at 106,000 x g for 1 hour at 4° in 


a Beckman model L2-65B ultracentrifuge. The supernatant was discarded and 
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the microsomal pellet was resuspended in buffered potassium chloride 
solution, pH 7.4 by approximately 5 gentle hand strokes with a Potter- 
Elvehjem apparatus. The microsomes were again centrifuged at 106,000 g 

for one hour. The supernatant was discarded and the microsomal pellet 

was resuspended in 8 ml of 0.1 M potassium phosphate buffer. A pH 7.0 
phosphate buffer was used for determination of cytochrome P-450 and bes 
while a pH 7.4 phosphate buffer was used for determination of NADPH oxidase 
activity. The resulting microsomal suspensions were routinely stored 


frozen overnight. 


II. Measurement of Microsomal Spectra 


The difference spectra of microsomal preparations were measured 
by means of a Unicam SP 800 spectrotophotometer equipped with a scale ex- 
pansion accessory and a slave recorder. The cells containing the micro- 
somal suspension were placed in the sample position closest to the detector 
in order to minimize the light scattering effect of the microsomal suspen- 
sion. Spectra were measured at room temperature in cuvettes of 1 cm 


optical path length. 


III. Measurement of Cyrochrome P-450 


The method outlined below is essentially that of Omura and Sato 
(1964). The microsomal suspension, prepared as described above, was placed 
in both the reference and sample cuvettes, and the baseline was determined 
by scanning from 550 mu to 400 mp. After determining the baseline, nitro- 
gen was gently bubbled into the sample cuvette for 30 seconds. A few 
milligrams of sodium dithionite were added and then carbon monoxide was 


bubbled into the sample cuvette for 30 seconds. The cuvette was then 
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securely stoppered. The reference cuvette was treated with a few milli- 

grams of sodium dithionite. The difference spectra was recorded from 500 
mi to 400 mu. The quantity of cytochrome P-450 was calculated using the 

absorbance difference between 450 mp and 500 m and a molar extinction 


coefficient of 9.1 x 10° (Omura & Sato, 1964). 


IV. Measurement of Cytochrome be 


The microsomal suspension prepared as described above was 
placed in both the reference and sample cuvettes and the baseline deter- 
mined. A few milligrams of sodium dithionite was added to the sample 
cuvette and the spectrum was recorded from 500 mu to 400 m. Cytochrome be 
content was determined from the absorbance difference between 423 mp and 
500 mu in the reduced minus oxidized difference spectra using a molar 


extinction coefficient of 1.7 x 10° (Stittmatter & Velick, 1956). 


V. Measurement of NADPH Oxidase 


The rate of oxidation of NADPH was determined spectrophotomet- 
rically by measuring the rate of disappearance of the absorption peak at 
340 mu as described by Gillette et al. (1957). Three ml of a microsomal 
suspension prepared as described above were added to both the sample and 
reference cuvettes together with 100 uwmoles of nicotinamide. 250 mu moles 
of NADPH were added to the sample cuvette and the absorbance at 340 mp was 
recorded for a period of 11 minutes at room temperature. The absorbance 
measured at the end of one minute minus the absorbance at the end of 11 
minutes was used to represent the rate of oxidation of NADPH. This rate 


was found to be constant over the time period measured. 
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VI. Determination of Anisole Q-demethylase Activity 


The fe enethriation of anisole (methoxybenzene) was estimated 
by measuring the amount of formaldehyde formed as described in Chapter II 
for the determination of aminopyrine N-demethylase activity, except that 
5 umoles of anisole were added to the incubation mixture in place of the 


aminopyrine. 


VII. Administration of Drugs to Chick Embryos 

AIA (1 mg/egg) or DDC (2 mg/egg) dissolved in 95% ethanol 
(0.02 m1) were injected into the fluids surrounding the embryos at various 
times from one to 48 hours prior to sacrifice. Embryos were always sacri- 
ficed when 17 days old. The livers were immediately removed for deter- 
mination of ALA-synthetase activity, porphyrin levels, aminopyrine 
N-demethylase activity and the levels of cytochrome b. and P-450, as 
previously described. Controls were carried out in which the solvent alone 


was injected. 


VIII. Substitution of NADPH for the NADPH Generating System 
The incubation mixture containing the 9,000 g supernatant frac- 
tion was prepared as previously described under determination of aminopyrine 
N-demethylase activity (Chapter III) except that 1.0 umole of NADPH was 
substituted for NADP and glucode-6 phosphate. Incubation was for 30 minutes 
and an additional 1.0 umole of NADPH was added at five minute intervals 


throughout the incubation period. 


IX. Addition of AIA, DDC and Aminopyrine to Cuvettes 


AIA (1 mg) or DDC (50 ug) dissolved in 95% ethanol (5 uw1) were 
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added to sample and reference cuvettes prepared as described above for 
the measurement of NADPH oxidase activity. Appropriate solvent controls 


were carried out. 


Results and Discussion 


In Fig. 25 it can be seen that ALA-synthetase activity of chick 
embryo liver began to rise sharply from one to three hours following the 
administration of DDC (2 mg/egg). The level of this enzyme reached a 
peak value of 26 times the control level approximately 12 hours after drug 
administration and declined slowly thereafter. The ALA-synthetase level 
36 hours after drug administration was still 12 times higher than control 
levels. When the amount of porphyrin accumulation in chick embryo livers 
was examined following DDC administration, it was found (Fig. 25) that for 
the first six hours following drug administration only small amounts of 
porphyrin accumulated. The fact that ALA-synthetase activity begins to 
increase rapidly one to three hours after drug administration, while a 
large increase in hepatic porphyrin levels does not occur until six to 
twelve hours after drug administration can probably be explained on the 
basis of the time required for levels of heme intermediates to build up to 
a point where they exceed the capacity of other enzymes in the heme bio- 
synthetic pathway to handle them. Following this initial lag period liver 
porphyrin levels rose rapidly and were still rising 24 hours after drug 
administration (Fig. 25). When the amount of porphyrin accumulating in 
the liver was expressed as porphyrin accumulating per hour for the various 
time periods (Fig. 26) it was found that the rate of porphyrin accumulation 


paralleled ALA-synthetase activity (Fig. 25). These results would seem to 



















_ uad?yoznb 28 bongs osbderie Goals Dae Glanez-oF babbs — 
“egotka HEA yo Sagmeuestenm stg 


jue baftasBo svsw 
—_— 
a 


"aol eri ett, bie es iuess 
ene | poke aed thea SE Qk gad 
. | | > ViqwEte-set es réone sourt ve o 
sat ~. Cupt\ent-t).300 Fo rohsestetntal 
‘| Tovkee Pee sont? 34 Yo util Asa 
thine ® ba Fiat tek vobrent an 
oEy mitaeys «i ttmbe yore T89%8 aon oG 
rhe eee Ct 7" woos dat Jee 
otis SEreMo. AIS j alte ven ten 26 
nitigw (UW D lod «te 22ers 
vison sabsotiuve-Al” dose? ety Deets ae 
ty spay th, - wapity OF pad i ‘biget “a 
Prgau "530, 7.01 at Ieee Ot i nquit ¢ a ‘azse7ont 88 


anid ag bed rei 7 9 ; “4 co CN J, Ae rans fF sivas ov » pe eto aviey 






oo 9, bi tuit os Sas atbouriost; se ‘ho shape, io? bahia arid oct ete 
Doe, : ; 
BA ott ii samysns patty ibe enc it eis dued ery ta] 
? 7 


aie : Wiy o> 
eit sad A Pane wontdoq 


i 
> ee 


93 


JBALF 6 /utusyduod 6n 


SP ge v2 ZL 





© 
(com 


© 
Y) 


"WAS | 2ZUeSeuday 

SACG BLILQUaA GUL “SuUOLPeULWUSIEG XLS 7S29] 72 40 abeuaay 

BY} szUaseuday JULOg yoey °*(bba/bw Z) 9qq 4O UOLIeUZSLULUpY 

9Yyi BULMOL{[O4 UaAL] OAUQquUA-yILUY UL(Q——©) vol. eLnunsoy 
ULUAUdLOg pue (O——O) uolqonpu] eseqoy.uAS-yqy JO asunoy) owt, °Gz aunbL4 


(sunoy) 3WIL 





PARTE REILITT vl cnipnnnteseserennriarsoncsnsesnsmnesencasineeSsispuAcSRaneE SEER oe amy 
, be , % 


002 


ay /aaaty 6/ YI sapow ru 


009 





Up. Ager 





94 


ug Porphyrin/g liver/hr 





es 
12) 


0-1 1-8 346° -6-12 ‘12-24 oh_3 


Time Period (Hours) 


Fig. 26. Average Hourly Rates of Hepatic Porphyrin Accumulation 
for Various Intervals Following DDC Administration 


(2 mg/egg). 
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indicate that the rate of porphyrin accumulation following DDC admini- 
stration provides a reasonable index of ALA-synthetase activity. 

When hepatic aminopyrine N-demethylase activity was examined follow- 
ing the administration of 2 mg of DDC (Fig. 27) it was found to have fallen 
precipitously to approximately 25% of control activity as early as one 
hour after drug administration, and it remained at this level throughout 
the duration of the experiment (48 hours). This was clearly an event 
which preceded the induction of ALA-synthetase. If aminopyrine N-demethy- 
lase activity was accurately reflecting changes in the level of cytochrome 
P-450 the above observations would lend support to our working hypothesis 
viz., that ALA-synthetase induction was caused by a decrease in the level 
of intracellular heme, which was in turn brought about by destruction of 
the heme group of cytochrome P-450. However, upon direct examination of 
the effect of DDC administration (2 mg/egg) on the level of hepatic cyto- 
chrome P-450 levels this was found not to be the case. From Table XII it 
can be seen that no change in cytochrome P-450 level (expressed per gm 
liver) preceded the change in ALA-synthetase activity. When cytochrome 
P-450 levels are expressed per milligram of microsomal protein only a 
Slight change in level was detected in the first 6 hour period during 
which ALA-synthetase levels rose markedly. These observations do not 
Support the hypothesis we have suggested. 

Changes in the level of cytochrome b, with time following DDC ad- 
ministration (2 mg/egg) (XIII) were found to closely parallel changes in 
cytochrome P-450 levels in both magnitude and time course. 

When ALA-synthetase activity was measured at various intervals 


following the administration of AIA (1 mg/egg) the response (Fig. 28) was 
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TABLE XII. LEVELS OF CYTOCHROME P-450 IN CHICK EMBRYO LIVER 
FOLLOWING ADMINISTRATION OF DDC 


Time After No.of Cytochrome P-450 Levelss 
Administration Determinations (myumoles/g liver) (mymoles/mg Protein 

ours 

0 9 Cab etal sl 0.33 2 9.02 

1 6 onleceOal O38 + 0.02 

6 6 2G st nO 73 @.295 = 4.02 

7 6 285F2 "0 Fo G@224 2 0:02 
24 6 fos fears Dy Gr22 2 Osi! 
48 6 1a8*240F | O:2r = O70) 


* Values are given as means + S.E.M. 


+ The livers of three chick embryos were pooled for each determination. 
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TABLE XIII. LEVELS OF CYTOCHROME be IN CHICK EMBRYO LIVER 
FOLLOWING ADMINISTRATION OF DDC 


eoweten tJ 3 SS a ae 





Time After No. of : Cytochrome be Levels” 
Administration Determinations  (mymoles/g liver mumoles/mg protein) 

hours 

0 9 Zee Ose 0725 20.02 

1 6 ig ce 0.24 4 0.01 

6 6 2. OeewOe2 O22 2.0.08 

12 6 Cel rUee O25 2 Oe 

24 6 Pigs av bee O320=+70<01 

48 6 TO 2s se 0.19 + 0.01 


* Values are given as means + S.E.M. 


+ The livers of three chick embryos were pooled for each determination. 
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found to be similar to that produced by DDC (2 mg/egg) (Fig. 25). ALA- 
synthetase activity began to rise sharply from one to three hours after 
AIA administration and reached a peak value of 43 times the control level 
approximately 9 hours after drug administration. On the other hand liver 
porphyrin levels (Fig. 28) were found to be much lower following AIA ad- 
ministration (1 mg/egg) than was the case following DDC administration 
(Fig. 25). Moreover, the rate of hepatic porphyrin accumulation per hour 
for the various time periods (Fig. 29) did not correlate well with ALA- 
synthetase activity (Fig. 27). It is thus evident that measurement of 
hepatic porphyrin levels provides a poor index of ALA-synthetase activity 
following AIA administration. 

In Fig. 30 we have graphed the levels of hepatic ALA-synthetase and 
porphyrins measured 12 and 24 hours respectively after the administration 
of DDC, AIA and 58-pregnan-30-17a-diol 11,20-dione. From this figure it 
can be seen that DDC administration produces much higher hepatic porphyrin 
levels while producing lower ALA-synthetase levels than the other two com- 
pounds. AIA produced porphyrin levels intermediate between those produced 
by DDC and 58-pregnan-3a-17a-diol 11,20-dione. These results indicate 
that in the chick embryo definite conclusions about the level of ALA-syn- 
thetase cannot be drawn on the basis of hepatic porphyrin levels following 
drug administration. 

The differences in the ratios of ALA-synthetase to porphyrin levels 
(Fig. 30) among the compounds tested may be indicative of different mech- 
anisms of action. The high ratio of porphyrin to ALA-synthetase level 
found following DDC administration compared to the other two compounds 


might be explained in two ways. 1l. Either more porphyrins are formed per 
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Fig. 29. Average Hourly Rates of Hepatic Porphyrin Accumulation 


for Various Intervals Following AIA Administration 


(1 mg/egg). 
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unit of ALA-synthetase activity following DDC administration or 2. por- 
phyrins may be formed at the same rate per unit of ALA-synthetase activity 
following the administration of all three drugs, but much of the porphyrins 
formed might be removed from the liver in the case of AIA and 58-pregnan- 
30-17a- diol 11,20 dione. The first possibility is supported by reports 
(Onisawa & Labbe, 1963) that DDC, but not AIA, blocks the conversion of 
protoporphyrin to heme. The second possibility cannot be evaluated with 
the information available at present since the excretion of porphyrins by 
the chick embryo has not been studied. 

As was the case following DDC administration, the administration of 
AIA (1 mg/egg) was found to produce a rapid fall in aminopyrine N-demethy- 
lase activity, which preceded the increase in the level of ALA-synthetase 
activity (Fig. 31). The decrease in N-demethylase activity was greatest 
when measured one hour after AIA administration, and the activity gradually 
increased thereafter until it reached a level significantly greater than 
the control level when measured 24 hours after AIA administration. Thus 
the effect of AIA on N-demethylase activity shows a time course typical 
of other drugs which have been classified as having a biphasic effect on 
drug-oxidizing activity (Conney, 1967). However, when cytochrome P-450 
levels were measured following AIA administration (Table XIV), it was not 
possible to show a decrease in the level of this cytochrome prior to the 
increase in ALA-synthetase activity. Therefore with AIA as in the case of 
DDC a decrease in the level of cytochrome P-450 does not precede the in- 
duction of ALA-synthetase. Though there was little change in the level of 
cytochrome P-450 in the early time periods (1 and 3 hours), AIA caused a 
marked increase in the level of cytochrome P-450 as early as six hours after 


administration (Table XIV). The levels continued to rise and reached a 
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TABLE XIV. LEVELS OF CYTOCHROME P-450 IN CHICK EMBRYO LIVER 
FOLLOWING ADMINISTRATION OF AIA 


kw ————————E———— anes 





Time After No. of 5 Cytochrome P-450 Levels” 

pinta steation Determinations (mimoTes/g Tiver) (mpmoles/mg protein) 
ee ee ee a es 

0 9 aap AV 0233 4.0.02 

1 i 267220091 ONZ4e=s0102 

3 6 1 eee OP a] 0229.2 0.01 

6 | 6 675 Lo 0.61 + 0.04 

12 6 6.9 + 0.4 OF75,.¢ O12 

24 6 VOTE O 89 13 et80.08 

48 6 Galt 0.45 0.95 + 0.07 


Peete J7unt-s) ashen 9? the syteed ie i eee 


* Values are given as means + Se Se 


+ The livers of three chick embryos were pooled for each determination. 
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peak value approximately four times greater than the control level 24 hours 
after drug administration. 

It thus appears from the data on AIA and DDC that there is no 
specific pattern of cytochrome P-450 level accompanying the induction of 
ALA-synthetase. The possibility must therefore be considered that the 
effects of porphyria-inducing drugs on ALA-synthetase and on cytochrome 
P-450 are not associated. Our hypothesis that porphyria-inducing drugs 
lead to the breakdown of the heme moiety of cytochrome P-450 is thus not 
supported by these results. 

Measurement of the amount of microsomal cytochrome bp activity was 
complicated by the appearance of a peak at 450 mi in the reduced minus 
oxidized difference spectra (Fig. 32) of microsomes prepared from animals 
which had received AIA (1 mg/egg). This peak at 450 my was found in addi- 
tion to the normal cytochrome be peak at 423 mz and was evident (Fig. 32) 
in microsomes prepared from animals which had received AIA 12, 24 and 48 
hours prior to sacrifice. Normal ly the amount of cytochrome be is measured 
by the height of the 423 mu peak relative to the absorbance at 500 m. 

Due to the atypical nature of the reduced minus oxidized difference spectra 
estimates of the amount of cytochrome b. (Table XV) during these time 
periods are of questionable accuracy. 

The presence of an absorption maximum at 450 m in hepatic micro- 
somes in the absence of carbon monoxide was also observed by Gillette and 
Sasame (1965) when mouse liver microsomes were preincubated with SKF-525A. 
Since these spectral characteristics are similar to the spectrum observed 
when cyrochrome P-450 is combined with carbon monoxide, Gillette (1966) 


has suggested that SKF-525A inhibits drug metabolism by causing the pro- 
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Reduced Minus Oxidized Difference Spectra of Chick 
Embryo Liver Microsomes: A. Spectrum of Microsomes 
from Control Animals. B. Spectrum of Microsomes from 


Animals Treated with AIA (1 mg/egg) 24 Hours Prior to 


Sacrifice. 
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TABLE XV. LEVELS OF CYTOCHROME be IN CHICK EMBRYO LIVER 
FOLLOWING ADMINISTRATION OF AIA 


Sn nn ee EE eEnRnEIS gE ERASERS 








Time After No. of Cytochrome b Levels* 

oS ae Determinations’ (mymoles/g liver)  (mumoles/mg protein) 
Mes oat <a cb ta ga oy Ae Gee ds. FES tee Be oe ert gd by the teense) 

0 9 BrORS O22 5 2535.0 202 

1 11 Pe 0226222002 

3 6 1820. Lt Vey es 

6 6 Loo eae G70) 002 

re 6 P67 LPO RI felG res0 70! 

24 6 rape eee (a bie Gee ec 

48 6 Se Oe ale. 0 Sit 0,02 


* Values are given as means + S.E.M. 


+ The livers of three chick embryos were pooled for each determination. 
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duction of carbon monoxide, which combined with cytochrome P-450. If AIA 
caused conversion of cytochrome P-450 to an inactive form in the manner 
suggested above for SKF-525A we could explain why 12 hours after AIA ad- 
ministration N-demethylase activity is still below control level (Fig. 31) 
while the level of cytochrome P-450 (Table XIV) is 2.6 times greater than 
control. The cytochrome P-450 measured might represent active and inactive 
cytochrome and the level of active cytochrome P-450 may in fact parallel 
that of N-demethylase activity. This idea is supported by the microsoma | 
peak at 450 m in the absence of exogenous carbon monoxide (Fig. 32B). 

The non-parallelism between the level of N-demethylase activity and cyto- 
chrome P-450 in the earlier time periods cannot, however, be explained in 
this manner since no microsomal peak was observed at 450 my in the early 
periods in the reduced minus oxidized spectra. 

This early period of inhibition of N-demethylase activity following 
the administration of AIA or DDC is of particular interest since it pre- 
cedes the period in which ALA-synthetase begins to increase rapidly. Even 
though it does not reflect levels of cytochrome P-450, the decrease in 
N-demethylase levels which takes place may still in some way be linked to 
induction of ALA-synthetase. For this reason we have attempted to further 
elucidate the mechanism of inhibition of N-demethylase activity by these 
drugs. However, it was first of interest to determine whether the inhibi- 
tory effects of these drugs was a generalized one on the hepatic drug- 
oxidizing system or if it was specific for the N-demethylation of amino- 
pyrine. We tested the effect of AIA and DDC on the O-demethylation of 
anisole, and it was found that both AIA and DDC are also effective jinhibi- 


tors of anisole 0-demethylation (Table AVI): 
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TABLE XVI. | INHIBITION OF ANISOLE O-DEMETHYLATION BY THE 
ADDITION OF AIA OR DDC TO THE INCUBATION MIXTURE 


ee ee 


Compound Dose Liver 0-demethylase Activity” 
(ug/6 m1) (mymoles HCHO/g/30 min) (% of Control) 


Control + -- 500 100 
(solvent only) 
AIA . 100 230 AT 


DDC 50 100 20 


* Values represent the averages of duplicate-determinations at each 


dose level. 


+ AIA, DDC and Anisole were dissolved in 95% ethanol (0.01 ml). 
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Possible ways in which AIA and DDC might interfere with the N-de- 

methylation of aminopyrine while not lowering the level of cytochrome 
P-450 were suggested by the observation of Brodie et al. (1955) that the 
liver enzyme system responsible for the oxidation of drugs requires re- 
duced nicotinamide adenine dinucleotide phosphate (NADPH) for activity. 
A decrease in drug-oxidizing activity would result if AIA or DDC either 
diminished the amount of NADPH availabie or decreased the rate of ANDPH 
oxidation and hence the flow of electrons from NADPH to cytochrome P-450 
(hig. 11). 

In order to test the first of these two possibilities, viz., that 
AIA or DDC might act by diminishing the amount of NADPH, NADPH was substi - 
tuted for NADP and glucose-6-phosphate normally utilized to generate NADPH 
in the incubation mixture. Substitution of NADPH for the NADPH-generating 
system made no difference to the inhibition of aminopyrine N-demethylase 
activity by AIA or DDC (Table XVII). Clearly therefore AIA or DDC do not 
inhibit N-demethylase activity by inhibiting the generation of NADPH in 
the incubation mixture. 

The second possibility; viz., that AIA or DDC might act by decreasing 
the rate at which NADPH was oxidized, was especially interesting in view of 
the work of Labbe et al. (Cowger et al. 1962; Cowger & Labbe, 1967; Labbe 
et al., 1969). These workers studied the affect of porphyria-inducing 
drugs on beef heart NADH oxidase activity and showed that the structural 
requirements for inhibition of NADH-oxidation correlated well with the 
structural requirements for the jntuctian of experimental porphyria as 
measured by porphyrin accumulation in cell culture. These workers have 


suggested that porphyria represents a specific block in the terminal stage 
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TABLE XVII. | EFFECT OF SUBSTITUTION OF NADPH FOR THE NADPH- 
GENERATING SYSTEM ON THE INHIBITION OF N-DEMETHYLASE 


_ al i 


ACTIVITY 
Source of + N-demethylase Activity 
NADPH* Drug Added (mumoles HCHO/g/30 min. ) 
ner bE eee 

NADPH-generating None 670 

system 
NADPH None 680 
NADPH-generating AIA 430 

system 
NADPH AIA A30 
NADPH-generating 

system DDC : 100 
NADPH DDC 100 


a ae ee 


* The NADPH-generating system consisted of 0.6 wmoles of NADP plus 6.0 
umoles of glucose-6-phosphate per 6 ml. The remainder of the incubation 
mixture was prepared as described previously (Chapter III, Experimental 
jc). When NADPH was utilized 1.0 umoles was added per 6 ml at the 
start of incubation and at 5 minute intervals thereafter. 

+ AIA was added in a concentration of 1.0 mg/6 ml; DDC was added ina 


concentration of 0.5 mg/6 ml. 
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TABLE XVIII. EFFECTS OF AIA AND DDC ON THE RATE OF NADPH 


OXIDATION BY LIVER MICROSOMES™ 


tion a a 


Compound Added Rate of NADPH Oxidation : 
oer (,0.D. at 340 mu/10 min.) 
Dlimebiss Niddee tol ss 5 ee Satay Se eee 
Control + 
(solvent only) 0.169 
AIA 0.164 
DDC 0.174 


* Both sample and reference cuvettes contained microsomal suspensions 
prepared from 133 mg of liver plus 100 umoles of nicotinamide suspended 
in 0.1 M potassium phosphate buffer (pH 7.4) to a final volume of 3 ml. 
250 mumoles of NADPH were added to the sample cuvette just prior to 


jncubation. 
+ AIA (1 mg) or DDC (50 ug) were dissolved in 5 ul of ethanol (95%). 


+ Values are the means of three determinations. 
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of oxidative metabolism - specifically the NADH oxidase. It has been 
suggested that certain types of respiratory defects might lead to the in- 
duction of ALA-synthetase, the rate controlling enzyme in the synthesis 

of the heme moiety of heme-containing enzymes (Tschudy, 1965; Cowger and 
Labbe, 1965). When we measured the rate of NADPH oxidation by chick embryo 
liver microsomes it was found to be unaffected by the addition of AIA or 
DDC (Table XVIII). Thus it would appear that these drugs do not inhibit 
aminopyrine N-demethylase by interfering with the source of electrons for 
cytochrome P-450. The above facts leave open the means by which AIA and 
DDC are inhibiting N-demethylase, but point to some form of direct mnter- 


action between these compounds or their metabolites and cytochrome P-450. 


Conclusions 


In summarizing our results it 4s convenient to consider the results 


obtained with DDC and with AIA separately. 


3,5-diethoxycarbony!-1,4-dihydro-2,4,6-trimethylpyridine (DDC) 

We have shown that no change in cytochrome P-450 level (expressed 
per g liver) precedes the increase in ALA-synthetase activity following 
administration of DDC. Recently several groups of workers have studied 
the relationship between ALA-synthetase induction and cytochrome P-450 
levels following administration of porphyria- inducing drugs. Wada et al. 
(1968) treated mice at 12 hour intervals with DDC and showed that the level 
of cytochrome P-450 had dropped after 12 hours at which time the level of 
ALA-synthetase had risen markedly. Waterfield et al. (1969) treated mice 
and rabbits daily for five days with DDC. At the end of this period 


hepatic cytochrome p-450 levels were shown to have fallen. These workers 





















. al 
. le hy 9 anita 1xo w 
i~92 aah bos 20090 =, 
“AIK Yo nofdat bs 
wl ainer “ott to 
i v 
‘ (4ae! «Bde SJ 
paw 4) Bs ikovwotm eye 
Live ofdety. 


asi (fonzb- emt qantas 
. a ol Oah-4 amar aodys 
ts hatdar ais JU 


a 
a a Se 
2 “HS ow od na iT - 


~ anol eutones 
: 


‘sites ab 
oon 


ittiw bee DOG dg tw bonbegee 


; ¢ 


= "a: 
{ 4 ~ 4. - co ‘ 7 5 : 
LUNng BAY RON STS ees 


; -_ 
° 72 ~ 


hs . sis n e a5 var aH 
: he 
4 3 aPe1g (rot 18 


t ' « ’ , r Ti i‘ . ) + mag ve 
. mee ts, wollte Net aby 


ver rT x. - 
b Cava) bihywiiouly; iit ey hy 2 ey Awisd a daaottes _— is 
} = f 


= yy Cos oe 
Fiabe cates fot 2 
~ a f 
w be 


rr J 29 eoto 






















a 4 th; va ibs it JME j : j he 7 Sam eit Pe 2) md 
in : Ph 
- ee 
“Dpoworle be 1 ee | 


ave’ 





> 









= 






: 
_ _— a 
yh Lode: 
ae yy ‘ 






a 
_ 
v oF 


be bb ne smourtc 


115 


did not measure the levels of ALA-synthetase and it is difficult to see 

the relevance of cytochrome P-450 levels measured five days after admini- 
stration of the drug. Clearly the level of cytochrome P-450 should be 
measured at earlier time periods when the level of ALA-synthetase is known 
to be rising. Sweeney et al. (1971) injected DDC into rats and showed 

that after approximately two hours the levels of cytochrome P-450 had 
dropped at which time ALA-synthetase levels had risen. De Matteis (1971) 
administered DDC to rats twice a day for two days. At the end of this 
period he found that there was a marked increase in ALA-synthetase activity 
with no change in cytochrome P-450 levels. 

The reason for the differences in experimental results obtained by 
different groups of workers might be explained by factors, such as species, 
differences, drug dose and schedule of drug administration. Regardless of 
the reasons for these differences, we believe the important point to emerge 
from our work and that of De Matteis (1971) is that DDC administration can 
cause large increases in ALA-synthetase activity without altering the 
levels of cytochrome P-450. From this we feel that it is unlikely that 
the ability of DDC to alter levels of cytochrome P-450 under various circum- 
stances is directly related to its ability to cause an increase in ALA- 
synthetase activity. 

Taking into consideration the results reported in this thesis and 
those from other laboratories the induction of ALA-synthetase which occurs 
following the administration of DDC might be explained as follows: The 
administration of DDC blocks the conversion of protoporphyrin to heme as 
originally reported by Onisawa and Labbe (1963) and recently confirmed by 


Tephly et al. (1971). This block would lead to the accumulation of proto- 
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porphyrin and a decrease in the amount of hepatic heme. The accumulation 
of protoporphyrin would explain the large amounts of porphyrins which we 
have observed in the liver of DDC treated animals (Figs. 25 & 30). The 
decrease in the amount of heme might then lead to an increase in the amount 
of ALA-synthetase, via de-repression. That such a decrease in the amount 
of hepatic heme following DDC administration does take place has been con- 
firmed by Waterfield et al. (1969). We would like to put forward the 
hypothesis that the drop in levels of heme would not be sufficient to 
rapidly effect levels of hepatic cytochrome P_450 in the chick embryo but 
might effect the levels of cytochrome P-450 in species such as mice, rats 


and rabbits. 


Allylisopropylacetamide (AIA) 


The results from other laboratories with regard to the effect of 
AIA on the levels of hepatic cytochrome P-450 have been much more consist- 
ant despite the fact that different species have been used. Thus Wada et 
al. (1968), De Matteis (1970) and Sweeney (1971) have all reported that 
AIA exerts a biphasic effect on hepatic cytochrome Pp-450 levels, first 
causing a transient decrease followed by an increase. In our experiments 
we have clearly shown the increase, however we were able to show only a 
very small decrease at about three hours after drug administration at which 
time a marked rise in ALA-synthetase activity had occurred. The difference 
between our results and those of other workers can probably be attributed 
to species and dose differences. It thus appears that as was the case with 
DDC the level of cytochrome p-450 is not the controlling factor in tne 
increase in ALA-synthetase activity. 


With AIA there is no evidence for a block in heme synthesis as was 
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the case with DDC. However the following observations suggest that AIA 
causes increased heme breakdown: (1) Israels (1963) found that the admin- 
istration to dogs of Sedormid, a close congener of AIA, caused the early 
bilirubin peak to appear at three hours instead of at 12 to 24 hours as 

in normal dogs. Since this early peak is believed to represent the break- 
down of non-erythropoietic heme this could be taken as evidence for an 
increase in hepatic heme breakdown. (2) AIA increases the rate of break- 
down of hepatic microsomal heme (Meyer & Marver, 1971; De Matteis, Tog) 
(3) Landow et al. (1970) fed 2 4e_--glycine to rats and this radioactive 
substrate was incorporated into heme causing a labelling of the methyne 
bridges with Ue, Upon breakdown of heme at least one of the methyne 
bridges is converted to carbon monoxide. Landow et al. (1970) demonstrated 
that animals treated with AIA exhaled 140_ carbon monoxide at a higher rate 
than control animals. (4) In our experiments we have observed an absorp- 
tion peak at 450 mu in the absence of added carbon monoxide in microsomes 
from AIA treated chick embryo liver. An increase in the rate of heme 
breakdown providing a source of carbon monoxide would provide an explan- 
ation for this finding. 

It is thus possible that AIA in common with DDC may cause ALA-syn- 
thetase induction by lowering the level of hepatic heme. DDC would lower 
heme levels by blocking its synthesis while AIA would lower it by increas- 
ing its breakdown. The lowered hepatic heme level would also serve to 
explain the decreases in cytochrome P-450, b, and catalase which have been 
observed in some species following their administration (Wada et al. 1968; 
De Matteis & Prior, 1962). 


It therefore appears that future studies should be directed toward 
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measuring hepatic heme levels together with the rate of synthesis and 
breakdown of this compound following the administration of porphyria- 


inducing drugs. 
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